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INDICATOR-DILUTION MEASUREMENT OF BLOOD FLOW IN THE UPPER 
EXTREMITY OF MAN: DEVELOPMENT AND USE OF A METHOD
IMIROVING MIXING OF INDICATOR AND VASOACTIVE
AGENTS WITH BRACHIAL ARTERIAL BLOOD
CHAPTER I 
INTRODUCTION
The investigator may calculate resistance to blood flow ' 
through the vascular bed of a limb, if he simultaneously measures blood 
flow rate through the bed and blood pressure gradient across the bed.
On this basis, he may make inferences with a fair degree of certainty 
about the net state of activity of the vascular smooth muscle in the 
bed, blood viscosity and transmural pressure remaining constant. Vaso­
active substances may be introduced into the blood stream of the ar­
teries supplying the vascular bed, and responding changes in the 
activity of the vascular smooth muscle downstream may be inferred from 
changes in local vascular resistance. By these means the investigator 
may study normal and abnormal peripheral vascular physiology in ani­
mals and in man.
Measurement of blood flow in the vascular beds of man must of 
necessity be indirect and subject to a high degree of error. Because 
it is difficult or impossible to verify these indirect measurements by
1
2
direct measurements of blood flow, several techniques of measurement 
have been developed, each of which has its own advantages and dis­
advantages* Perhaps the best known and currently most widely used 
indirect technique for determination of blood flow in the limbs of man 
is venous occlusion plethysmography, but no one technique is univer­
sally accepted*
The mode of administration of vasoactive agents is a second 
problem perplexing the student of human vascular physiology. J« I. 
Shepherd (39) points out in his book, PhvsioloKv of the Circulation in 
Human Limbs in Health and Disease, that
with intravenous infusion of drugs, complex effects on the 
general circulation complicate the picture* With intra 
arterial infusions, which do not have this disadvantage, it 
is doubtful whether uniform distribution [ of the drug ] 
throughout the limb is ever achieved.
Poor mixing may be mainly attributed to the strong tendency for 
laminar flow of blood.
Andres, Zierler, Anderson, Stainsby, Cader, Ghrayyib, and 
Lilienthal (2) in 1954, applied the constant infusion indicator- 
dilution technique of Stewart and Hamilton to measure blood flow in 
the human forearm. They concluded that the technique provided accur­
ate measurement in most subjects. There are two major advantages to 
this approach to the study of human vascular physiology. First, the 
human upper extremity vascular bed is readily accessible for study. 
Second, indicator and vasoactive agent may be administered simultane­
ously intra-arterially, and, if indicator is well mixed with arterial 
blood, so also is the vasoactive agent. Therefore, if there is 
evidence of mixing of indicator, the investigator may both calculate
blood flow and also infer that the vasoactive agent is uniformly dis­
tributed throughout the vascular bed of the limb. However, Andres et 
al. reported that they achieved relatively uniform distribution of 
indicator in effluent venous blood in only eighty per cent of cases. 
Since mixing occurs on both the arterial and venous sides of the 
capillary bed, the distribution of infused substances, notably vaso­
active agents, was probably even less satisfactory at the arteriolar 
level than in the venous blood. In addition, Andres et jd. did not 
measure indicator concentration in arterial blood downstream to point 
of injection. This latter measureswnt is necessary to the argument 
that vasoactive agent is uniformly distributed at the level of the 
arteriole.
An investigator validates an indirect technique for deter­
mination of regional blood flow by comparing calculated flows with 
actual flows. In addition, values calculated by the new technique 
will be compared to values calculated using older, more established 
indirect techniques. Therefore, it is in order to present a brief 
discussion of these other indirect techniques which have been applied 
to the determination of limb blood flow in man. Techniques requiring 
surgical intervention, such as the use of electro-magnetic flow meters 
and rotameters will not be considered, because they are inapplicable 
to measurements in human limbs under ordinary conditions.
Indirect Methods for Determining Regional Blood Plow 
Indirect methods for determining regional blood flow fall into 
two general categories, mechanical methods and blood tissue exchange
methods. The I'ormcr category includes venous occlusion plethysmo­
graphy.
Venous Occlusion Plethysmography 
Since Hewlett and van Zwaluwenburg (27) modified the original 
method of Brodie(ll) introduced in 1905, there has been a wealth 
of literature reporting measurement of blood flow in human digits 
and extremities by the technique of venous occlusion plethysmography. 
The underlying principle of plethysmography is that the rate of in­
crease in limb volume during brief arrest of the venous return from a 
liid) represents the rate of venous collection, which equals the rate 
of arterial inflow. Conrad and Green (14) have summarized the several 
conditions that are essential to the inference that plethysmograph- 
ically recorded resting blood flow is equal to arterial flow before 
occlusion: (a) the veins must be totally occluded; (b) the arterial
inflow must not be altered initially by the occlusion pressure or the 
rising venous pressure (in a study of vascular responses, this 
assumption should be independently validated for each vasoactive agent 
which alters venous compliance); (c) the occlusion artifact should 
be insignificant or easily evaluated; (d) the preceding factors 
should hold true for a time sufficient for measurement. These four 
assumptions have been tested to some degree. Barnett (7) inferred 
that all collapsible veins were occluded after noting that the same 
apparent flow was recorded within a wide range of occlusion pressures, 
Landowne and Katz (33) concluded, after measuring tissue pressures 
under an occlusion cuff, that fifty mm. Hg. of cuff pressure is
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sufficient to occlude all collapsible veins. Formel and Doyle (18) 
noted no escape of intravascular radioisotope under an occlusion cuff 
until venous pressura distal to the cuff approximated occlusion pres­
sure and concluded that venous leakage did not occur during a time 
sufficient for measurement, Conrad and Green (14), in probably the 
most satisfactory and direct study of these assumptions, using 
amputated forepaws of dogs, noted that "venous tamponade was com­
plete for a period of time dependent on the height of occlusion pres­
sure and the magnitude of arterial flow. Paw venous pressure rose 
rapidly to effective occlusion pressure, at which time blood began to 
escape beneath the occlusion cuff." However "the duration of tamponade 
was adequate for the measurement of inflow within a wide range of 
occlusion pressures,"
Landowne and Katz (33) stopped flow and awasured the 
occlusion artifact, finding an initial abrupt rise followed by a 
slower secondary rise, Conrad and Green (14) confirmed this finding, 
noting that the secondary artifact represented a positive error of 
about 4.4 per cent of the plethysnographic flow. They also found that 
occlusion did reduce arterial flow significantly, representing a nega­
tive error of about 7 per cent. These two errors tended to cancel each 
other, so that Conrad and Green reported good agreement between 
plethysmographically measured flow and true arterial inflow. Although 
these authors made recordings at several spontaneously different siagni- 
tudes of flow, they did not investigate the effects of locally infused 
vasoactive agents upon plethysmographically recorded flows.
Other objections to piethysmographic technique would include
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the point that venous outflow through bone cannot be occluded by the 
cuff and may represent a significant flow» In addition, the technique 
requires high, non-physiologic venous pressures, and therefore elevated 
capillary hydrostatic pressure, and doubtless transcapillary movement 
of fluid is produced* One also wonders whether this technique might 
be erroneous in cases of systemic arterial hypotension, or venous 
hypertension. In addition, many errors in pie thysmograph technique 
are possible and can easily result in recording of erroneous blood 
flews. These errors are outlined by Greenfield (22) and include 
positioning of cuffs, piethysmograph, and subject. Correct water bath 
tc^erature is also of great is^ortance, according to Barcroft and 
Edholm (5).
In summary, although venous occlusion plethysmography, if 
correctly done, results fortuitously in apparently correct values for 
resting blood flow, the validity of the technique for measurement of 
flow responses to vasoactive agents has not been tested and is 
particularly questionable in the cases of those agents which decrease 
venous compliance*
Table 1 is a summary of representative values for forearm and 
hand blood flow as determined by several authors using venous occlusion 
plethysmography. The prominent effect of water bath temperature is 
apparent. Shepherd (39) states that "water temperatures of 30 to 32®C. 
for the hands and feet and 34 to 35°C. for the forearm and calf have 
been found most suitable for the study of vascular reactivity." From 
Table 1 mean hand plus forearm resting blood flow at these "optimal" 
temperatures would be 8.8 ml, per 100 cc, hand plus forearm volume per
TABLE 1



















Edholm (5) Air 
Plethysmography Forearm • » 18.5 3.1 2.Ô-3.6
Slaughter et al.
(48) Air
Pie thysmography Forearm $ • 27-29 4.9 1.7-7.3
Barcroft and 
Edholm (5), (6) 
Water Plethysmo­
graphy
Forearm 33°C 15-28 2.7 1.9-3.8
Barcroft and 
Edholm (5), (6) 
Water Plethysmo­
graphy
Forearm 35®C 15-20 4.2 1.5-7.0
Catchpole and 
Jepson (12) Water 
Plethysmography Hand 25°C 21 2.5 1.7-3.7
Catchpole and 
Jepson (12) Water 
Plethysmography Hand 30®C 21 4.6 1.7-9.3
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minute.
Blood»Tissue Exchange Methods 
The basis of blood-tissue exchange methods, a more extensive 
category, is the Pick principle. These methods utilize exchange of 
several different substances such as heat energy (skin teaqperaturc, cal- 
oriaetry, thernsl-dilution techniques), O2, inert diffdsible substances 
such as Na22^ Kr^S, Xe^^^, and inert non-diffusible substances
such as the various indicator dyes which combine with plasma protein, 
and isotope labelled serum albumin or erythrocytes. The Pick principle 
derives from the principle of material conservation. The Pick principle 
states that for any substance carried by the flow of blood to a region 
within a stipulated time interval (At), the quantity brought in must 
be equal to the quantity removed. Disposal may be by accumulation in 
the region or by removal (Qm) from the region by transport out of the 
region through all the routes of egress. In a steady state where there 
is no accumulation, where blood flow represents the only significant 
patn of supply and removal, where the rates of flow of arterial and 
venous blood are equal (P) and constant, and where the concentrations 
of the substance in arterial (C^) and mixed venous blood (C-) from the 
region are constant, the principle reduces to the familiar Pick equation:
P (Cjj-Ĝ ) — Qn/ A  t 
The Pick principle may also be applied to a steady state where 
there is accumulation in tissue of substance introduced abruptly into 
the arterial blood. If the arterial and venous blood of a region 
represent the only significant pathways of entrance or exit of the sub­
stance, and if the substance is non-sietabe 1 izable, ()a = 0 and the
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equation can be written as d Q i / F (  C^-C^) where Qi is the total 
quantity of the foreign substance in the region, including its con­
tained blood.
Blood flow in small areas, the venous drainage of which is 
not accessible, may be determined by a variation of the Pick equation.
A diffusible substance is injected directly into the tissue of that 
area and the rate of disappearance is measured:
(T) = Cî e-kil̂
where Cĵ (T) represents the concentration of substance in the tissue 
under study at time, T; represents concentration of the substance
in the tissue at time, 0, and ki " m̂ F̂̂ / A  where m^ denotes the 
extent to which diffusion equilibrium for a particular inert substance 
is achieved between blood and tissue during passage from the arterial 
to the venous end of the capillary, ^  ^ represents the tissue-blood 
partition coefficient for the substance and tissue in question, Vj, 
represents the volume of the region in question and F̂  ̂represents the 
flow through the region in question. Assusqptions necessary for the 
above equation are: (a) is close to unity, that is, the exchange
of the substance between capillary blood and tissue is not limited by 
the process of diffusion; and (b) C^, the arterial concentration of 
the substance, is negligible.
It is apparent that techniquas dependent on sampling of venous 
blood to measure yield results that are at best valid only for the 
regions represented in the saaqile. Therefore, in this case, consider­
ation must be given to the adequacy of mixing and the purity of the 
venous blood from the region in question. On the other hand, in those
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techniques in which venous blood Is not available and where the 
assumption of rapid equilibration between capillary blood and tissue 
Is made, diffusion Is an important consideration. It should also be 
pointed out that those equations depending on venous saaqpllng measure 
total blood flow, whereas those techniques which do not measure concen­
tration in venous blood neglect the flow through arterlo-venous shunts 
and estimate only capillary blood flow. Total extremity blood flow can 
be accurately measured by these techniques only if the substance is 
introduced Into all tissues (or vascular beds) of the extremity and 
measured In venous blood which Is truly representative of all extremi­
ty venous blood.
Diffusible axents Injected directly Into tissue. To consider 
first techniques employing diffusible substances Injected Into the 
tissues, an Index of peripheral muscle blood flow has been derived by 
Kety (31) using radioactive sodium Ha^^. by Human (30) using Na^^.
Bauer et al. (8) using and Rapaport et (35) using 1^3^. More 
recently Lassen et (34) employed the radioactive Inert gas Xenon^^S 
as Indicator to calculate absolute muscle blood flow# In the legs of 
subjects. This substance does not recirculate and readily, crosses cell 
mesd>ranes. advantages not true of the sodium Isotopes. Lassen et al. 
noted that "at higher rates of blood flow the Ma^^ clearance-rate was 
much slower than that of Xe^^^. plainly showing an impeded transfer of 
Ha^^ to the total capillary venous efflux from the Injected area." 
Calculated resting calf muscle blood flow averaged 2.0 ml. and 2.2 ml. 
per lOOcc. volume per minute in healthy subjects over and under fifty 
years of age respectively.
Il
Heat, introduced into the muscle tissues from a heated element, 
may be used as indicator. The heat clearance rate is measured continu­
ously by thermocouple. Heat at a reference Junction one centimeter from 
the heated element is simultaneously sensed and subtracted to eliminate 
changes in absolute temperature of the muscle. Change in the heat 
conductivity of the tissue, thus measured, is an index of change in 
blood flou, Gibbs (21), Hansel and Ruef (25), Stow and Schieve (42). 
Hansel and Bender (26) have also devised a heat conductivity meter to 
measure skin blood flow by the same principle. Stow and Schieve (42) 
report that skin blood flow in the calf of the leg of man measured by 
this technique ranges from 0.9 to 56 ml. per 100 cc. volume per minute, 
with magnitude directly proportional to skin tesqierature. The lower 
measurement was made at skin temperature of 33.5^C. and the higher 
at 35.2®C. Hansel and Bender (26) report values between 0.3 and 50 
ml. par 100 cc. volume per minute for blood flow in the skin of the 
finger.
Diffusible agents iniaeted intra-arterialIv. Diffusible sub­
stances injected intra-arterially to measure blood flow by blood-tissme 
exchange include Ma^^ (Dobson and Warner [lo] ). In this case complex 
clearance curves are obtained suggesting washout of sodium through three 
parallel pools. From analysis of these components, the relative pool 
sises can be calculated. The authors state that
if the ratio of sodium concentration in tissue to that in 
blood is known, the relative pool sises can be converted 
into relative tissue volumes and the turnover rates can be 
converted into the blood-tissue perfusion factors with units 
of blood flow par unit volume of tissue per unit time.
However, as is pointed out by Kety (32), in the physiological system
12
"the mathematical theory based on simplified models becomes increas­
ingly complicated" and it is difficult to determine exactly hov many
components are included in the actual curves obtained. Recently,
85using intra-arterial injections of Krypton , a radioactive gas emit­
ting mainly beta particles. Bell and Harper (9) have reported measure­
ments of regional blood floy through the skin. Similar to Xenon, this 
element is nearly completely cleared by the lungs and there is the 
advantage of no effective recirculation. Since beta particles have 
short range in tissue, skin blood flow alone is measured. The authors 
did not report quantitative values, because the partition coefficient 
of krypton between skin and blood had not yet been determined.
Shepherd and Warren(38) used the nitrous oxide method of 
Kety to measure lower limb blood flow in man, finding the average flow 
to be 4 ml, per 100 cc. per minute in normal patients. They concluded 
that due to the extremely slow saturation and desaturation of tissues 
with nitrous oxide, the method was applicable only in a steady state 
and even then should be considered semi-quantitative due to complex 
clearance curves.
Rolling (29) and Roddie et al. (36) deduced qualitative 
changes in blood flow from changes in the oxygen saturation of blood 
from veins draining mainly skin and muscle. They assumed that under 
their experimental conditions « the oxygen consumption of tissue was 
constant.
Skin temperature measurements. Shepherd (38) points out that 
"in the proximal portion of the limb, the temperature of the skin is 
influenced by the rate of blood flow, the metabolism of the underlying
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muscles, and the temperature of the blood returning In the super­
ficial veins from the distal parts of the limb." Even in the digits,
"at higher rates of flow, skin temperature is an insensitive and un­
certain index of flow."
Calorimetry. Provided the metabolic heat is very small in 
coBq»arlson with the heat conveyed by the circulating blood, calorimetry 
gives a scmiquantitatlve measure of blood flow. Thus, this technique 
is especially applicable to the digits, where the amount of isetabolic 
heat is small. However, in lisibs or digits measurement of true is 
iaq>ossible because the venous blood does not become mixed in one 
vessel before leaving the extremity. Furthermore it is a known errone­
ous assumption that blood arrives in the extremity at central body 
temperature and leaves at calorimeter temperature. Thus, quantitative 
limb or digit blood flow cannot be calculated by calorimetry (Greenfield
L 23 3  >•
Indicator-dilution techniques. Indicator-dilution measurements 
of blood flow are based upon the familiar Pick equation:
F(C. - C^) =  Qmy ̂  t 
Ideally, for accuracy these measurements require the following conditions:
(a) a steady state, in which the quantity of indicator leaving the bed 
equals the quantity introduced during the same interval of time; (b) 
a situation in which there is no accumulation of indicator, i.e., non- 
diffusible indicator; (c) a situation in which blood flow represents
the only significant path of supply and removal of indicator; (d) a 
situation in which rates of flow of arterial and venous blood are equal 
and constant; (e) a situation in which the concentration of indicator
14
In arterial and mixed venous blood from the region are constant; (f) 
uniform distribution of indicator ever some cross-sectional area of 
the vascular bed upstream to the saaqpling site*
In the special case of bolus injections, the Pick aquation 
takes the form:
F —  q/ I c(t) dt
where q equals the quantity of indicator injected and j e(t) dt
o*'
represents the area under the concentration curve described downstream. 
It may be perceived immediately that in use of bolus injections of 
indicator for measurements of pulsatile blood flow, two of the con­
ditions necessary for application of the Pick equatien are violated:
(a) the rate of flow of arterial blood is not constant, but pulsatile;
(b) the concentration of Indicator in arterial blood Is not constant* 
Visseher and Johnson (43) have pointed out, however, that blood flow 
may still be measured if either blood flow or indicator concentration 
remains constant during the period of measurement. Recently Cropp and 
Burton (15) have reviewed this problem. They state that in the case 
of bolus injections into variable flow the conventional theory is 
invalid if the blood flow varies significantly during the inscription of 
the downstream tima-concentration curve. However they point out that 
the wash-out curve recorded distal to an effective "mixing region" 
does allow accurate calculation of flow, if no changes in stroke 
volume and rate occur during the period of inscription of the dilution 
curve. In this case the mixing region acts to attenuate the beat-to- 
beat oscillations of pulsatile flow. In flow models they found that 
lack of such a mixing region caused calculated flows derived from
15
bolus Injections of indicator to be grossly inaccurate.
In view of Cropp and Burton's findings* it is surprising 
that several authors have used bolus injections of indicator into the 
arteries of peripheral vascular beds to measure flow and reported ac­
curate flows, although no apparent mixing region existed. Fronek and 
Cans (19) injected boli of thermal indicator into single blood vessels, 
detecting time concentration curves with thermistors located immediately 
downstream, within five to ten mm. of the injection orifice. They at- 
temyted to validate their technique in model experiments, where flow was 
constant, not pulsatile, and found no systematic deviation of calculat­
ed from actual flows. They also reported that calculated carotid ar­
tery flow in dogs did not differ systematically from flow determined 
by rotameter. In addition calculated pulmonary artery flow in dogs 
agreed to within - 6.7 per cent of flow determined by the Pick method.
Although they reported that the kinetic energy of their injections
2 -2lay between 10,000 and 13,000 gm. cm. sec. ,they did not determine 
if the injections caused hemolysis. In a later paper, the same au­
thors (20) reported using their technique to measure blood flow in 
the femoral artery in man at rest and during exercise. They found 
average resting flows - S.D. of 6.0 - 2.3 ml. per lOOce. leg volume 
per minute. The variability seen in 48 measurements was - 13.7 per 
cent, e^lained by the authors as probably due to "phasic alterations 
of flow during the cardiac cycle," The authors point out that their 
values were 1.2 - 4.9 ml. per lOOee. volume per minute higher than 
those reported in the literature from occlusion plethysmegraphie 
studies.
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Radiolodlnated (ll31) human serum albumin was injected as 
bolus indicator into the femoral arteries of men by Agrifoglio et 
(1). Downstream concentration was monitored in the femoral vein and 
lower extremity flow calculated on the basis of the described curve* 
Injections were made upstream "as rapidly as possible," thrcu^ an 
eighteen gauge indwelling Coumaad needle* Calculated flews averaged 
6*88 ml* per lOOee* volume per minute, with range of 6*30 to 7*78, 
in normal subjects* The authors demonstrated a significant rise in 
calculated flow following lumbar sympathectomy, administration of 
reserpine for ten days, or following muscular exercise* Mo calcu­
lations were made of the kinetic energy of the injections and no 
investigation was made of production of hemolysis by the injections* 
Folse (17) made a similar study in the femoral arteries of man, using 
indocyanine dye as indicator, and found mean resting femoral ar­
terial blood flow to be 301 ml* per minute with range 196 to 484*
Hobbs, Agrifoglio, and Edwards (28), using the same tech­
nique as Agrifoglio et al*, compared calculated femoral arterial 
blood flows in twenty one dogs with simultaneous flows recorded by 
a flow meter included in the artery* Over the flow range 30 to 120 
ml* per minute the agreement of values obtained by the two methods 
was close* However indlcator-dilution values were considerably 
higher than those from the flow-meter over flow range 10 to 30 ml* 
per minute*
The work of Baker and O'Brien (3) indicates that the type 
of bolus technique used by Agrifoglio et al* and Hobbs et al* ap­
parently can yield accurate calculated flows even over low flow
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ranges if the tiae-concentratlon curve is observed In pooled venous 
blood. These authors perfused the isolated forelimbs of dogs with a 
pulsatile blood pump. The muscles above the elbow were ligated and 
cut, leaving the forelimb connected to the body only by the humerus, 
brachial artery, brachial and cephalic veins and the brachial nerve 
tiunke Total venous outflow was measured by collection and compared 
to flow calculated by an indieator-dilution technique* The indicator 
red cells-Cr51, albumin-1^3^, or indocyanine green was injected as a 
bolus of 0*5 ml. in 1 second through a 20 gauge needle into the bra­
chial artery downstream to the blood pump, and the time-concentra- 
tion curve was measured in the pooled venous blood downstream. One 
hundred and eighteen simultaneous measurements of actual and calcu­
lated flow were made in eighteen dogs Over a flow range of twenty 
to two hundred sd. per minute* (In some cases 2yfg. per kilogram 
body weight per minute acetylcholine was infuseg with indicator to 
dilate the bed.) All but 17 calculated flows were within —  10 per 
cent of the actual flows.
In several experiments flow was also calculated from the 
concentration of indicator (either red blood cells-Cr^^ or albumin- 
ll31) in collected total venous effluent to determine if all the in­
jected indicator was being returned from the lisd>* It was found that 
there was no trend for appreciable loss of either indicator* These 
authors also placed a mixer at the point of injection and point of 
sampling and found no differences in the shape of the curves or the 
pattern of the data.
The findings of Baker and O'Brien suggest that limb flow may
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be accurately calculated using the bolus indieator-dilution technique 
and that cosiplete arterial mixing of indicator is not essential for 
accuracy. In addition it seems probable that the assumption that 
indicator a l b u m i n - i s  not lost from the circulation during transit 
through the limb is true.
Although basically similar, theory of the constant infusion
indieator-dilution technique is simq^ler than theory of the bolus
injection technique. In addition the constant infusion technique
better satisfies the Pick principle requirement of constant indicator
concentration. Stewart (41) first proposed that constant injection of
indicator could be used for measurement of flow, Hamilton and Remington
(24) and later Andres et al. (2) formally considered this application.
The basic principle of this technique is as stated by Andres jgt al.:
When indicator is injected at constant rate into a vascular 
bed ultimately all blood free of indicator will be displaced 
from the system by indicator-laden blood and the concentration 
at emits from the system will become equal to the rate of 
injection (mass per unit time) divided by the cone tent rate of 
volume flow (volume per unit time) through the eyetern, provided 
that there is no recirculation.
The empression proposed by Andres et al. (2) for calculation of forearm
flow during constant intrsbrachial arterial infusion of indicator is
P _  I
(ro,t) a(t - to)P
where P equals total forearm flow, I represents rate of constant in­
jection of indicator, represents observed concentration at emit,
and a(t - t*) is the concentration of recirculating indicator, ad-
— p
justed for its time intercept.
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Cxopp and Burton (15) also reviewed the validity of constant 
infusion indicatori 1 ution methods for measurements of variable flow* 
They found that with adequate mixing close to the injection site, valid 
calculations for non-steady (pulsatile) flow are possible if the mean 
of the reciprocal of the instantaneous sampled concentration (1/c) is 
used in calculations, rather than the reciprocal of the mean concentra­
tion (l/c)« Cropp and Burton showed in flow models, using pulsatile 
water flow and thermal indicator, that use of the reciprocal of the 
mean concentration always leads to underestimates of true flow, of 
increasing magnitude as the degree of fluctuation of flow increases.
On the other hand, their experiments in flow models indicate that use 
of the reciprocal of the instantaneous sampled concentration gives 
valid calculated flows. They point out that when they added a mixing 
region between the injection and sampling sites, oscillation of the 
indicator time curves due to pulsatility of flow were attenuated. In 
these cases, use of either 1/c or 1/c in calculations gave valid calcu­
lated flows. The "aixing region" of their model was a chamber in 
series having five times the cross-sectional area of the tube and a 
volume approximately twice the stroke volume of the pw^. They state 
that the mean transit time of the mixing chamber should optimally be 
short compared to the period of fluctuation of flow. They felt that 
"the lung, a cardiac chamber or an aneurysmal dilatation" would have 
effects similar to their "mixing region." They did not mention a 
peripheral capillary venous bed as a possible "mixing region."
Cropp and Burton (15) also discuss the theory of the dlstance- 
dlstortion error. At a saaqpllng site some distance downstream from
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the Injection site, the fluctuation of sampled concentration will not 
correspond accurately to changes in flow. Not only is there a phase 
difference, but more Important, the contour of the concentration-time 
curve will be distorted. At this sampling site the detector will 
usually be exposed to low concentration, which is generated in systole, 
for a longer time than the actual duration of systole. This is due to 
the fact that the lew concentration segment may move past the sampling 
site, not at high systolic velocity, but ah low diastolic velocity.
This "distortion** always results in an over estimate of the total flow. 
In their experimental model, Cropp and Burton, confirmed these 
theoretical predictions. They also determined that at certain points 
downstream to the injection site, the contour of the concentration timm 
curve is not distorted, and sampled concentration corresponds accurate­
ly to flow. These points are multiples of a "wave length," defined by 
them as:
wave length in cm. -  pump (heart) stroke volume (em.3).
cross-sectional area of artery (cm.2)
Distance-distortion error reaches a maximmm at 0.75 wave length (or
multiples thereof) at which points it is as much as a t 22.6 per cent
error. However if a *Viixing region" is interposed between injection
and sampling sites, distance-distortion error disappears.
These s s m  authors investigated adequacy of mixing of indi­
cator in the pulsatile stream by sampling indicator-time curves at 
several points across the stream during constant infusion of indicator. 
When these curves were siisilar, this was considered proof of adequate 
mixing. They found that in 1 cm. l.D. tubing it was necessary to
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infuse indicator at a kinetic energy of at least 30,000 g, cm.^ sec.~^ 
in order to achieve good mixing within 3 cm. Cropp and Burton point 
out that these energies would cause hemolysis ^  vivo. In 2 cm. l.D. 
tubing, they were not able to achieve good mixing within 5 cm. of the 
injection site even with high energy infusions. However, when a "mix­
ing region" was added between the injection and saoq>ling sites, mixing 
was good, even if indicator had been infused with a low kinetic energy. 
In this situation, the correlation between calculated and collected 
flows was 0.998 — 0.01 S.E. Cropp and Burton summarize by stating that 
"the most favorable conditions for the measurement of mean flow rates 
in the model were provided by continuous infusion of indicator and by 
a mixing chamber between injection and sampling sites." They go on to 
state that "under the right conditions, indieator-dilution methods, by 
steady infusion, can be remarkably accurate."
The classical work on constant infusion indieator-dilution 
measurement of blood flow in the upper extremity of man, is that of 
Andres at id. (2). These authors desired to develop an approach to 
measurement of human forearm blood flow which would yield continuous 
recording of blood flow as well as serial sangles of arterial and 
venous blood for metabolic studies. In addition, they pointed out that 
no verification of the plethysraographic method by an independent tech­
nique had been made in man up to that date (1954). They felt that the 
continuous constant rate injection technique was preferable to the 
single, nearly instantaneous injection (bolus) technique for their work, 
because it answered their need for prolonged meaeureawnts of blood 
flow. Evans Blue dye, T-1824, was chosen as indicator, to be infused
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into the brachial artery at the elbow and sampled continuously from two 
ipsilateral forearm veins in the antecubital fossa» They attempted to 
uae veins which appeared to drain the deep and superficial circulations 
respectively. They found that if indicator was injected through a 
twenty gauge needle at a low volume rate, the concentration of indicator 
in one sampled vein differed from that in the other vein. They con­
cluded from this finding that indicator had not been distributed uni­
formly throughout the forearm vascular bed. Possible explanations 
suggested by these authors for this uneven distribution of indicator 
included: (a) collateral arteries about the elbow diluting labeled with
unlabeled blood downstream to the injection site. They dismissed this 
possibility on the grounds that collateral arteries about the elbow 
probably contribute only a small volume relative to brachial arterial 
blood flow, and this small amount of dilution could not cause a sig­
nificant lack of uniformity in indicator concentrations downstream; (b) 
Uneven escape of dye from vascular channels. The authors dismissed 
this possibility on the grounds that the amount of albumin leaving the 
extremity via the lymphatics is negligible compared to that leaving via 
the veins; (c) Anomalous bifurcation of the brachial artery (to be dis­
cussed below); (d) Incomplete mixing of dye and blood in the brachial 
artery. This latter factor seemed to the authors to be the most likely 
explanation, and the problem appeared to be one of achieving complete 
mixing of indicator and arterial blood as near the site of injection 
as possible. In order to accon^lish this, according to these authors, 
the laminar flow of brachial arterial blood must be transformed momen­
tarily into turbulent flow. However, it can be calculated that the
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Rsynolds number of brachial arterial blood is equal to or less than one- 
tenth of the critical Reynolds nusdber. Therefore, laminar flow in the 
brachial artery is so stable that ordinary methods of intra-arterial 
infusion do not produce turbulence and mixing, Andres ^  al,, developed 
a jet injector to achieve turbulence and mixing of injeetate with 
brachial arterial blood.
Their flow model experiments, using glass tubing of 6 mm, I,D, 
through which water flowed at a constant, not pulsatile, rate of 30 ml, 
per minute, indicated that mixing was achieved within 2 cm, of the jet- 
injector if indicator was infused upstream at a rate of 1 ml, per min­
ute through a needle tip jet orifice of 0,001 inch diameter,
Andres at al, also isolated the femoral arteries of three dogs, 
ligating all but two branchas, which were cannulated for sampling of 
indicator concentration. Indicator was infused constantly against the 
direction of flowing blood two to three centimeters upstream from the 
proximal collecting site. They demonstrated that concentrations of 
indicator differed greatly at the two sites when the infusion was swde 
through a twenty-six gauge needle. When infusion at the same volume 
rate was made through the jet injector the ratios of dye concentration 
at the two sites were nearly unity, demonstrating that tha indicator 
had been distributed uniformly within a distance of several centimeters 
of the injector. The authors made no attempt to calculate blood flow 
on the basis of indicator concentration and compare it to actual flow 
in these dogs. Despite these favorable data, when the authors tested 
tha jet injector in the forearms of twenty-seven subjects, comparing 
indicator concentrations in a daep and superfiaial vein, they were not
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able to demonstrate that the jet Injector achieved a redaction in the 
differences in indicator concentration between veins over that produced 
by injection through a standard eighteen or twenty gauge arterial 
needle.
Because the authors made multiple paired measurements of ve­
nous indicator concentrations in each subject under steady state rest­
ing conditions, they were able to compare statistically the paired 
indicator concentrations in each subject to determine the probability 
that the sasqples from the two veins had arisen from the sasm population, 
despite the fact that they contained different amounts of indicator,
In their analysis, they suggested the following symbols, which will also 
be used in the study presented in this thesis:
Cg, a concentration of indicator in the deep vein;
Cg, a concentration of indicator in the superficial vein, 
occurring simultaneously with C^;
n, the number of pairs of sasqples in a single experiment;
_ Cg +  Cg the mean concentration of a pair of samples;
2 ’
Cg ^ Cg , the mean concentration of indicator observed in 
n
the deep vein during a single experiment under constant conditions;
- ics i
®M _  (  ( C ,  +  e , )  .  ^  1
2n " n
^ ^ ^  100, the relative difference, the per cent byCg + Cg
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which a concentration of indicator in either vein differs front their 
m a n  concentration, C^;
m.r,d« - ^ r.d.. the m a n  relative difference in a single
experimnt
Coefficient of variation about m a n  flow - 100, where
Si
<r is the standard error of
They found that with either the Jet or regular injection 
system, the differences between the means exceeded chence at the one 
per cent level in fifty per cent of the subjects and exceeded chance 
at the five per cent level in sixty per cent. They also found that 
the m a n  concentrations from either vein differed from the overall m a n  
by no store than twenty per cent in eighty per cent of subjects and 
differed from the overall mean by no more than ten per cent in two- 
thirds of the subjects.
The authors suggested that relative constancy of rate of blood 
flow is a requisite for the statistical analysis above. In their groups 
of subjects forearm blood flow was "remrkably constant." In ninety 
per cent of subjects the coefficient of variation was less than 20 per 
cent; that is, during about two-thirds of the period of observation in 
each of the subjects, flow did not vary from its m a n  by more than 20 
per cent.
The authors also analyzed the m a n  relative difference in 
indicator concentration, which should not differ significantly from 
zero if indicator were distributed uniformly* In about sixty per cent 
of subjects, with either type of injector, the m.r.d, indicated that
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there was a real difference in indicator concentrations in the two 
sampled veins (probability of chance occurrence less than one per cent). 
The authors interpreted these results as indicating that "in approxi­
mately half the subjects, the concentrations of indicator in the two 
veins sampled were in the same statistical population and that indi­
cator was, therefore, distributed uniformly over venous blood drain­
ing the forearm. "
The authors go on to a discuision of the error involved in 
calculating flow from the mean indicator concentration obtained by 
sampling only two of the veins draining the forearm. They point out 
that,
if the blood in the two large veins sampled represented a 
very large portion of total forearm blood, it is probable 
that departures in indicator concentration elsewhere in 
the forearm would not cause the true mean concentration of 
dye in all blood flowing from the forearm to lie outside 
the range established by the paired samples.
Therefore, if this assumption is true, flow calculated from the mean 
concentration of indicator provides a measure of blood flow with known 
error. On this basis, the authors pointed out that in 80 per cent of 
their subjects the flow calculated from the mean indicator concentra­
tion did not differ from the true flow by more than —  20 per cent.
The authors concluded that in 80 per cent of their subjects there 
appeared to be sufficient intermingling of blood upstream to sampling 
site to produce a relatively uniform distribution of indicator among the 
veins draining the forearm, thus permitting measurement of resting 
blood flow.
It is seen that the essential conclusions made by Andres et al.
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are dependent on their statistical analysis of the observations* To 
review these analyses, this group makes the following comparisons 
between two sample means: (a) A Student t analysis in each subject of
the null hypothesis that over time the mean indicator concantration in 
one sampled vein, Cg, is identical to the mean indicator concentration 
in the other sampled vein, Cg. The authors do not state whether the 
paired or unpaired test was used, (b) A Student t analysis in each 
subject of the null hypothesis that the mman relative difference in 
indicator concentration, m.r.d., does not differ significantly from 
zero.
The authors state that the former analysis assuams that the 
rate of blood flow is relatively constant* However it is difficult to 
see the importance of constancy of blood flow in this analysis, if sj, 
the sample standard deviation, remains unchanged. In addition, the 
authors did not mention that conclusions from the analysis are de­
pendent on the magnitude of s^. Ho data is given to enable the reader 
to calculate sj. If sg is large, the beta type error may be quite 
large and the test will have little power to distinguish a real differ­
ence between the two means. Andres et al. state that the difference 
between the naans exceeded chance at the one per cent level in fifty per 
cent of the subjects and exceeded chance at the five per cent level in 
sixty per cent.
Their second analysis compared m.r.d. against zero by the t 
test. The samm criticism may be made of the authors' use of this test. 
Again, the power of the test is dependent upon the magnitude of the 
standard deviation, and the authors give us no data on this point. They
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conclude that in sixty per cent of subjects there was e real difference 
between a.r«d. end zero at less than the one per cent level of proba­
bility. In both tests it would seem that the findings would be best 
interpreted as indicating that in at least sixty per cent of their sub­
jects the indicator concentrations in the two veins did not arise from 
the same population. Neither analysis as presented allows the reader 
to conclude in what percentage of their subjects indicator concentra­
tions in the two smiled veins derived from the same population. Cer­
tainly it atust be less than forty per cent, rather than "approximately 
half" as they conclude. It seems, therefore, that in less than forty 
per cent of their subjects did uniform distribution of indicator over 
venous blood draining the forearm occur.
Their argument that the true mean concentration of indicator in 
all blood flowing from the forearm would probably not lie outside the 
range established by the paired samples seems reasonable. If true, it 
follows that the r.d, between paired samples provides a good measure 
of the error of blood flow calculated from the mean concentration. How­
ever, here the assumption would be, as pointed out by Andres et al., 
that the blood in the two large veins sampled represents a very large 
portion of total forearm blood. Another assumption would be that there 
is.no loss of indicator due to, among other things, short-circuiting 
vascular channels at the elbow. Given these assumptions, it would seem 
that the r.d, is of value as an index both of the degree of mixing and 
of the confidence limits of calculated blood flow. In this regard it 
is interesting that m.r.d. was less than twenty per cent in eighty per 
cent of the subjects observed by Andres et al. It seeme reasonable to
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conclude that Andres et el. were able to measure resting forearm blood 
flow to within - 20 per cent of its actual value in 80 per cent of 
their subject*. This interpretation of their data might be preferable 
to their conclusion that they were able to measure accurately resting 
blood flow in 80 per cent of their subjects*
These authors, using a standard needle for infusion, found 
mean resting forearm blood flow in 7 subjects to be 4,67 ml, per 100 cc, 
forearm volume per minute with range 2,70 to 7.05. The mean m.r.d, was
6,0 per cent with range 0.9 to 13.3 per cent. Three patients were ex­
cluded, two because of m,r.d,'s greater than 20 per cent, and one 
because of CV of 52 per cent. The authors state that in these three 
subjects there was reason to suspect that the mean concentration of dye 
was an improper measure of resting flow.
The authors soon disceverad that intra-arterial infusions through 
their jet injector at rates calculated to be necessary to provoke turbu­
lence and mixing also caused newly sis of erythrocytes and resulting 
vasodilatation. This vasodilatation is known to be dependent on 
adenosine triphosphate and related substances released from erythrocytes. 
Andres et al, found that this mechanical destruction of erythrocytes 
was related to the kinetic energy per unit time of the injection, and 
determined, by ja vitro jet injections into a pool of citrated human 
blood, that hemolysis became detectable when the kinetic energy per 
second of injection reached 10,000 to 20,000 g. cm.^ sec.'^. They also 
found that these figures correlated with the kinetic energies of infu­
sions which produced hemolysis and vasodilatation ̂  vivo in man. In 
addition, the authors found in sj^arimsnts on the hind limb of the dog
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that hamolyaim of as llttla as 0*09 sd. of blood par minuta increased 
limb total blood floir seven-fold over the resting value, so that 
hemolysed blood has quite poverful vasodilating propertie».
These authors concluded that use of the jet injectors with 
kinetic energy èf infusion theoretically sufficient to effect mixing 
did not improve the agreement between the indicator concentrations in 
the two veins sampled over that produced by a non-jet injector. In 
addition, they concluded that the jet injections produced hemolysis 
and vasodilatation* In view of these results, the authors concluded 
that "it dees not appear profitable to continue to use the jet injec­
tor for measurement of resting blood flow." The values for resting 
forearm blood flow and blood flow during infusions of vasoactive 
agents reported in this and later papers by this group were all during 
intra-arterial JLnfusions of less than one ml, per minute of indicator 
solution through a standard gauge arterial needle.
Am  a result of thair obsarvations of the distribution of 
indicator in man, two questions arose for Andres et al. t "Why did 
the jet injector fail to produce better mixing then the non-jet 
injector? Why was there mixing when the non-jet injector was used?"
Regarding the former question, the authors had concluded from 
statistical analysis of their data that indicator concentrations in 
the two veins, although having differing values, derived from the ses* 
population in approximately eighty per cent of subjects. They conclud­
ed that in these subjects complete mixing did occur. In the twenty per 
cent of eases where the m.r.d. exceeded twenty per cent,the authors 
concluded that mixing did not occur and suggested that this was due
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either to a rate of injection too low to provoke turbulence» a rate of 
brachial arterial blood flow too fast to allow mixing of indicator be­
fore the bifurcation, or to anomalous bifurcation of the brachial ar­
tery above the elbow. Such anomalous bifurcation is known to occur in 
about twenty per cent of the population. In these cases. Indicator was 
injected into the ulnar or radial artery rather than the brachial artery. 
The authors point out that the percentage of failures to achieve adequate 
mixing of indicator and blood did not differ from that to be anticipated 
from the known rate of occurence of anomalous bifurcation.
The authors suggest that when the non-jet injector was used, 
sufficient mixing occurred on the venous side of the forearm circu­
lation in eighty per cent of subjects to allow conclusion that the 
indicator-concentrations in the two veins saaq>led derived from the same 
population.
Andres et al. (2) attemq>ted to measure blood flow with venous 
occlusion plethysmography simultaneously with their indieator-dilution 
procedure in a few of their subjects. In general they found that flow 
per 100 cc. forearm volume measured by indieator-dilution was 50 per 
cent greater than that measured by plethysmography. They point out 
that the difference may reflect real differences in the methods or may 
be owing to the fact that the plethysmograph had to be placed more 
distally than usual in order to provide room for the arterial injector, 
so that the plethysmograph may have enclosed a volume of forearm with 
relatively less vascular supply. In addition, in these cases high 
energy jet injections of indicator were used, which caused hemolysis, 
vasodilatation, and high blood flows. The authors suggest that in
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this situation the plethysaograph suiy tand to yield lower than actual 
values, but they do not indicate their reasons for this suggestion.
More recently Uahren (44) attempted to use the constant in­
fusion indieator-dilution technique to measure brachial arterial 
blood flow during exercise. He infused indicator in S per cent 
daxtran solution into the brachial artery through a standard needle 
at a h i ^  volume rate (about 34 ml. per minute). At this rate of in­
fusion he found that indicator concentrations in the radial artery, 
a deep, and a superficial vein were similar, and he concluded that 
he had achieved satisfactory mixing. He made a comparison between 
blood flows determined for the upper extremity simultaneously with 
venous occlusion plethysmography and with the indieator-dilution 
method. Varying amounts of bradykinin were infused with the indica­
tor solution in order to increase the blood flow. Over a range of 
180 to 680 ml. per minute total flow there was no significant differ­
ence between flows calculated by the two techniques. Vahren points 
out that an infusion rate of 34 ml. per minute may well be a signif­
icant fraction of the total flow through the brachial artary at rest 
and during light exercise. However, he found that oxygen saturation 
values for venous blood did not change during infusion of indicator, 
and that-decrease in venous hemoglobin concentration indicated a sim­
ple addition of the infused solution to the initial blood flow. From 
these data he concluded that there was **no evidence of active vaso­
dilatation," and that "the added infusion may have been accommodated 
by reduction of blood viscosity due to hemodilution." Hahren does 
not state the gauge of his arterial needle, so it is isq>ossible to
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calculate the kinetic energy of hie infusion. Furthermore, he does not 
rule out the possibility that his infusions cause hemolysis of erythro­
cytes. However the significant point in this paper is the correlation 
found between indieator-dilution and plethysmographic flow measurements.
More recently Andres' group (4) have reported using the in- 
dicator-dilution technique with standard needle injector to measure 
forearm blood flow and metabolism during local infusion of the vaso­
active agent, epinephrine. They found that infusion of 0.002ya g. per 
kilogram body weight per minute causes an immediate and sustained in­
crease in forearm blood flow. Infusion of larger amounts of epineph­
rine 0.0057 to 0.025 yu.g. per kilogram per minute, resulted in a tran­
sient increase in blood flow followed by either prolonged reduction or 
no net change in blood flow. The authors followed blood flow from 
twenty to forty minutes in eight subjects after stepping epinephrine 
at the lower dosage and found flow was still significantly increased 
in five of them at the end of the period. In five subjects bleed flow 
was measured for forty to sixty minutes following the end of the epi­
nephrine infusion; in only one of these was flow above basal levels at 
the end of the time period.
The authors point out that with constant infusion of vaso­
active substance, arterial concentration of the substance varies in­
versely with forearm blood flow. This relationship should lead to os­
cillations in blood flow which dampen with time. They observed that 
venous concentration of indicator oscillated up until the tenth minute 
of infusion, but the mean flow, and therefore concentration of epineph­
rine, was reasonably constant from the tenth to the twenty-fifth minute.
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The authors do not give any data regarding the effect of the 
vasoactive agent on the r.d. However they do mention the case of one 
subject in whom concentration of dye in the deep venous plasma was 
large, but almost no dye appeared in the superficial venous plasma.
The deep forearm bed, in this subject, which received almost all the 
epinephrine, showed all the characteristic epinephrine metabolic ef­
fects, On the other hand the stqperficial bed, which received essen­
tially no epinephrine, failed to show the typical metabolic effects of 
epinephrine. The authors point out that in order to avoid misinter­
pretation of results due to maldistribution, dispersion of arterially 
administered vasoactive agents snist be monitored by simultaneous in­
jection of an indicator. However the authors do not point out that 
monitoring of arterial concentrations of indicator upstream gives much 
more satisfactory evidence of uniform mixing of the vasoactive agent 
at the arteriolar level than does monitoring the venous concentrations 
downstream.
Finally the authors state that response of venous indicator 
concentration to altered blood flow is slow and is a function of the 
mean transit time through the system. They state that a time equal to 
about three mean transit times is required to establish a new steady 
state. Since the magnitude of mean transit time is directly related 
to volume rate of blood flow, it follows that establishment of the new 
steady state of venous Indicator concentration is slower with vasocon­
strictor agents than with vasodilators. The authors state that during 
resting forearm blood flow, mean transit time is about 2,3 minutes.
If flew doubles, sssan transit time is reduced to a little more than a
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minute, end the new steady state is achieved in about three minutes.
It follows that this indieator-dilution technique tends to record an 
average blood flow, damping out oscillations.
In the technique developed by Andres et al. (2) tha assusy- 
tion is made that deep and superficial venous blood is sampled in the 
two forearm veins. Coles et al• (13) investigated the source of blood 
samples withdrawn from deep forearm veins via catheters passed upstresm 
from the median cubital vein. They found that, if the catheter is 
passed distal to the first valve encountered, the samples are a mix­
ture of hand and deep forearm venous blood but include no superficial 
forearm venous blood. If, however, venous pressure is elevated by 
venous occlusion above the elbow, these saisies also contain siqper- 
ficial forearm (cephalic) blood. This data does not totally support 
the assumption that the anteeubital vein drains the deep muscular cir­
culation alone. However analysis of the data of Coles e^ al. reveals 
that on the average the hand venous system contributes the smaller pro­
portion of blood to the deep veins of the forearm.
Vascular Distribution of Intra-Arteriallv Administered Substances
The problem of vascular distribution of substances during 
intra-arterial infusions has been recently discussed by Rush at al. (37), 
who were interested in intra-carotid arterial chemotherapy in man.
These authors point out that skin areas of maldistribution are seen
occasionally during such chemotherapy. From Tygan they constructed a 
model arterial system sisd.lar to the common, external and internal ca­
rotid system and followed the course of dye Injected at 1 ml. per min­
ute through a 23 gauge needle into water perfusing the system at 500 ml.
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per minute* They elso injected dye into the lower aorte of dogs and 
sampled downstream simultaneously from points in the common iliac and 
sacral branches* In their model they demonstrated that branches of the 
vessel closer than 1 to 3 cm* to the injection site received little of 
the dye, if the injecting needle lay in the center of the stream. On 
the other hand injection adjacent to the vessel walls caused most or 
all of the material to enter the first branch encountered* These au­
thors suggest the use of a jet needle similar to that of Andres et al* 
(2) to achieve arterial mixing. In the dog aorta, similar to the find­
ing of Andres et al* in the dog femoral artery. Rush et al*, using the 
jet injector, demonstrated good mixing in the arteries downstream*
They also did not attempt to calculate flow and compare it to actual 
measured flow.
The present work explores the concept that a new type of in­
jection system for brachial arterial infusions in man may be developed, 
which satisfactorily mixes both indicator and vasoactive substances 
with brachial arterial blood and does not create hemolysis. Such an 
injection system would improve indieator-dilution measurement of blood 
flow and vascular distribution of vasoactive agents in the human upper 
extremity and would contribute to the study of vascular physiology and 
vascular responses in normal and diseased man.
CHAPTER II
METHODS
P«8crlptlon of Special Equipment Used
J«t*Injector Needle 
Intre-erteriel Infuelona were emde through e modified twenty- 
six gauge stainless steel hypodermie needle, manufactured by Kimray, 
Incorporated, Oklahoma City, Two side holes each of .006 inch diameter 
were drilled into the shank of the needle about 1 mm. behind the tip 
and 180 degrees apart. The needle tip opening was sealed and cut so 
that the tip was blunt. A Clay-Adams plastic tubing to male luer-lock 
adapter was soldered to the hub of the needle. Figure 1 is a photograph 
of this needle and Figure 2 is a magnified view of the needle tip, 
showing how Jets of infusate are directed laterally from the side holes.
A 8-D Swinney Filter Adapter is connected in series with the needle to 
eliminate any particulate matter in the infusate, which might occlude 
the holes of the needle. Plugging of the holes is rare, although there 
is often a reflux of blood into the needle. The jet needle is introduced 
into the brachial artery through a twenty gauge Riley arterial needle, 
the adapter on the needle hub locking into the hub of the Riley needle.
Infusion Pumps 
Because the jet-injector requires a high volume rate of
37
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Fig, 1,-- Jet injector needle with Swinney filter adapter.
-  «
Fig, 2,—  Tip of jet injector, showing jets of Evans Blue Dye 
infusate.
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Infusion (8 ml. per minute) et high infusion pressure (up to 1500 mss.
Mg,), the standard Harvard Infusion Pump proved inadequate. Kimray, 
Incorporated, Oklahoma City, modified the standard Harvard Infusion 
Pump with a more poverful motor, so that the pump was able to deliver 
infusions at the required volume rate and pressure. However it was not 
found possible to lubricate the glass syringes well enough to prevent 
some sticking, usually minor. In addition, at infusion rates of eight 
ml. per minute, these fifty ml. glass syringes contained infusate enough 
for only six minutes. For these reasons it was necessary to construct 
a special Infusion pump for this project.
Kimray constructed a hydraulically operated infusion pusqp, 
pressure independent to 45 pounds per square inch and driving two 125 
ml. stainless steel syringes. Power is provided by an electric motor, 
and delivery of infusate is held constant despite level of resistance, 
internal or external to tha pump, by a series of pressure "bleed off" 
valves. Driving pressure within the pump is monitored by an external 
meter and pressures within a certain range provide a check of proper 
pump infusate delivery. Viscosity of the silicone hydraulic fluid is 
held constant by a thermostatically controlled heating element in the 
reservoir. This pump delivers at a rate of 8 ml. per minute with variation 
less than ± 1 per cent for periods of at least 5 hours* Figure 3 shows 
this infusion pump.
Figure 4 gives the detail of the syringes, barrels, and plung­
ers. The plungers of the syringes are screwed into drive shafts pro­
jecting from the body of the pump. The barrels of the syringes are 
screwed into supports on the pump frasM. The barrels and plungers were
40
I
Fig. 3.-- Special high pressure, high volume infusion pump.
Fig. 4.—  Syringe barrel and plunger, showing teflon ring and 
lucite disc.
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machined to a loose fit, and the plonger is fitted with a ring consist­
ing of an inner "o ring" of silicone rubber and outer band of teflon, 
providing a lubricated, expansile, leakproof seal, A clear Incite disc 
is fixed onto the delivery end of the syringe, so that infusate within 
the syringe can be monitored for air. The infusion orifice was drilled 
through this Incite disc and ends in a luer-lok Adapter, Syringe barrels 
and metal plungers are sterilized by autoclave and the tcflon-rubber 
ring and Incite disc are sterilized in a solution of benzalkonium chlo­
ride, which is thoroughly rinsed with sterile isotonic sodium chloride 
solution prior to use. Syringes are filled while fixed to the pump, by 
reversing the direction of movement of the plunger.
Pressure between the syringe and the jet-injector is monitored 
and provides a check on the patency of the orifices in the Jet injector.
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Fig, 5,—  Pressures during infusion through Jet-injector 
Figure 5 is a recording of such pressures obtained with b o A  holes open 
and with one hole totally or partially closed. Kinetic energy of infu­
sion with both holes open is approximately 4500 g, cm.* sec."*, whereas, 
if one hole is completely occluded so that total infusion passes through
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one hole, kinetic energy of infusion becosies four times as great or
18,000 g, cm«2 sec."2. The magnitude of the former kinetic energy is 
less than that found by Andres et al. (2) to produce hemolysis. The 
magnitude of the latter kinetic energy, however, may produce hemolysis 
in some instances. However, the infusion pressure will double if one 
orifice becomes occluded, so monitoring of this pressure will help to 
ensure that no hemolysis occurs. The calculated Reynolds number of the 
infusate from this system is approximately seventy-one, considerably 
less than that calculated as necessary to produce turbulent flow in the 
brachial artery of man.
In Vitro Experiments 
Evans Blue dye was infused through the Jet injector and also 
through a standard twenty gauge hypodermic needle against a straam of 
water flowing through glass tubing. The water was pwmpad by a Sigma- 
motor pusqp, which provided pulsatile flows of between 25 and 200 ml. per 
minute. Pump frequencies were 28 per minute and 216 per minute, respec­
tively. Internal diameter of the glass tubing used was five mm., approxi­
mately that of the human brachial artery. Flows usad were within the 
range to be found in the brachial artery of man. Degree of mixing of dye 
and water with each needle at various flow rates was observed visually 
and recorded by high-speed flash photography.
In Vivo Experiments 
Dogs
Hemolysis. A pressure independent Sigmamotor blood pump was 
interposed between the femoral artery and brachial artery of mongrel dogs
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anaesthetized with sodium pentothal and heparinized. Blood flow in the 
brachial artery was thereby held constant, and monitored perfusion pres­
sure measured limb vascular resistance. A standard twenty gauge hypoder­
mic needle and the jet injector were in turn introduced into the tubing 
downstream from the pump. Isotonic sodium chloride solution was infused 
constantly through the indwelling needle at eight ml, per minute, and 
resulting changes in perfusion pressure were recorded on a Sanborn 
oscillographic recording machine.
Comparison of actual with calculated flows. The forelimbs of 
mongrel dogs heparinized (10,000 U.S.P. units) and anaesthetized with 
sodium pentothal (30 mgm. per kilogram) were totally severed from the 
bodies and tourniquets applied to tissue of both stamps. In some cases 
the humerus was not cut. A pressure independent Sigmamotor pulsatile 
blood pump was interposed between the feawral artery and brachial ar­
tery, so that limb blood flow was supplied solely by pump. Total 
venous outflow from the limb drained from the cephalic and brachial 
veins into a reservoir and was measured from each vein by collecting 
blood in graduated cylinders. Pressure was monitored in each vein in 
order to detect any obstruction to venous outflow. Pressures resMined 
less than ten mm. Hg« Blood was pumped from the venous reservoir back 
into the femoral vein of the animal. Indicator (I^^l serum albumin in 
isotonic sodium chloride solution) was infused through the jet injector 
or through a standard twenty gauge hypodermic needle introduced against 
Che direction of blood flow into the pump Cubing immediately upstream 
from the junction between tubing and brachial artery. Rate of infusion 
of indicator was eight ml. per minute through the jet injector, and
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approximately one ml* per minute through the standard needle* Samples 
of blood for determination of indicator concentration were simultane­
ously collected from the two veins and from the tubing upstream to the 
blood pump (recirculation concentration) at four minutes after beginning 
each infusion* Venous outflow was measured before and after sampling. 
Calculated and actual flow measurements were made at several puâ > flow 
settings in each dog* In some dogs pusg* flows were randomly changed, 
whereas in others flows were sequentially adjusted from lower to 
higher values or vise versa* Figure 6 diagrams the experimental situ­
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Fig, 6,-- Comparison of actual with calculated blood flow; 
experimental situation.
Man
General procedures. All subjects participating in this study 
were fully informed by the author of the purposes, hazards, and proce-
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dures of the experiment. Written consent was obtained from all subjects. 
These male normotensive or essential hypertensive volunteers in the 
resting, post-absorptive state were studied in an air conditioned labora­
tory, with ambient temperature maintained at approximately 78°F. Prior 
to study, the volume of the upper extremity to the level of the inter­
condylar line at the elbow was measured by water displaeemente With 
the subject comfortable in the supine position and his arms supported 
at a 45 degree angle from the long axis of the body, 20 gauge hypoder­
mic needles were inserted in an upstream direction into the basilic 
and cephalic veins of one upper extremity (designated "ipsilateral extrem­
ity") distal to the elbow. A twenty-three gauge needle was also in­
serted upstream into a dorsal metacarpal vein of the ipsilateral 
extremity. Under local xyWcaine anaesthesia the ipsilateral brachial 
and often the radial arteries were also cannulated in an upstream 
direction with twenty gauge Riley arterial needles. In addition, the 
contralateral brachial artery was cannulated with a twenty gauge Riley 
needle. Figure 7 is a drawing of upper extremity vascular anatomy with 
catheters in place. Cannulas in the contralateral brachial artery and 
in the ipsilateral radial artery, cephalic vein, basilic vain, and 
dorsal metacarpal vain were connected by eterile polyethylene tubing to 
a stopcock manifold and from there to e Statham wire resistance pressure 
transducer and Sanborn four channel direct writing oscillograph. The 
arms and transducer were adjusted to the level of the right etrium. The 
venous catheters and cannulas were maintained patent by intermittent 
flushing with heparinized isotonic sodium chloride solution.
The jet injector described above was inserted into the ipsi-
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DorsalsurfacePalmarS u r f a c e
Fit* 7.—  Diagram of «ppar axtramlty vasevlar anatomy with 
cathatara in place.
lateral brachial artery through the Riley needle and locked in place.
The tip of the jet needle protruded up to but not proximal to the 
intercondylar line at the elbow. In aome caaea the jet injector atruck 
the vesael wall and there waa alight difficulty in Introducing it to ita 
full length; but usually manipulation of the position of the Riley needle 
afforded clear passage, Blopd waa allowed momentarily to reflux through 
the jet injector into the plastic tubing to show that the injector tip 
lay within the lumen of the artery, Infusate passed from the infusion 
syringe and filtar through sterile polyethylene tubing to the jet injec­
tor. Infusion pressure in this tubing was monitored in a o u t subjects to 
ensure that the injection orifices remained patent. In addition the 
patency was checked at the end of each experiment. During waiting peri­
ods, between jet infusions, heparinized isotonic sodium chloride solution
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was infused at a slow rate through the jet injector to maintain patency. 
Everything possible was done to keep the subjects comfortable and reas­
sured during the procedure, and they ware carefully instructed not to 
move the ipsilateral extremity. Most subjects remained reasonably com­
fortable and calm in this position for the two and one-half to three 
hours required by the experiment* Figures 8 and 9 are photographs of a 
typical procedure.
Vasoactive infusions* The general protocol called for paired 
infusions, first an isotonic sodium chloride control solution, then the 
vasoactive solution in equal isotonic volume* During procedures in 
which the special Kimray infusion pump was used, pressures in the ipsi­
lateral cephalic, basilic, and dorsal metacarpal veins, radial artery, 
and contralateral brachial artery were recorded in turn usually at three, 
eight, thirteen, and sixteen minutes during each infusion* Ipsilateral 
cephalic and basilic venous, radial arterial, and contralateral brachial 
arterial blood was sampled simultaneously, usually at five, ten, and 
fifteen minutes during each infusion. In cases where the Harvard Infu­
sion Pump was used, pressures were recorded usually at three and five 
minutes, and blood samples taken at two and four minutes during each 
infusion. Resistance was calculated for each flow measurement, using the 
pressures recorded after blood samples were taken* Between pairs of in­
fusions there was a pause of from five to thirty minutes to allow vascular 
resistance to return toward initial levels.
All infusions contained the same concentration of I^*! labeled 
human serum albumin (Squibb - Albuminotope). Total isotope dosage per 
patient was less than fifty microcuries*
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Fig, 8.—  Photograph of typical procedure.
Fig. 9.-- Close-up of forearm and hand during typical procedure.
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Control Infusions vtr« isotonic sodium chloride solution, 
eight ml, per minute, and vasoactive infusions contained the vasoactive 
agent, usually in isotonic solution, plus isotonic sodium chloride solu­
tion to make up the same volume. Vasoactive agents, freshly prepared 
for each procedure, included; (a) angiotensin, (Ciba - Hypertensin), 
the octapeptide, 0.925, 9,05, and 9.19 yitg, per minute; (b) epineph­
rine, (Park, Davis and Company - Adrenalin Chloride Solution), 0.025,
0.05, and 0.10 j jL g , per minute; (e) ten per cent magnesium sulfate 
solution, (E. Lilly and Cosyany, Magnesium Sulfate, M.F. 10 per cent),
0.2, 0.28, and 0.4 ml, per minute. Diluted with isotonic sodium chloride, 
the infused magnetium sulfate solution had an osmolarity of 305 mOs. per 
liter; (d) 150 mOs. per liter sodium chloride solution, 8 ml. per «inute. 
During blood sasfling, the canaulae and catheters «ere first flushed by 
drawing and discarding 1.5 to 2 ml. of blood, a volume at least three 
times the volume of the tubing. Actual drawing of samples immediately 
followed, each two ml. in volume, and thebe sangles were placed in glass 
test tubes containing dried sodium ozylate. The tubas containing sam­
ples were rotated for at least three minutes and then one mi. aliquots 
were pipetted into plastic tubes for isotope counting. These specimens 
were counted on a Tracerlab crystal scintillation counter.
Subjects particinatina. All subjects participating in this 
study were sutle inpatients at the Veterans Administration Hospital, Okla­
homa City, Oklahoma. Subjects had either definite arterial hypertension 
or normotension, and no subjects were accepted who were receiving drugs 
with vasoactive properties or who had clinically discernable left or 
right ventricular failure. No subjects were acutely ill although sev-
so
oral v«re in fih« afebrile convaleicent phase of acute febrile illnesses. 
Hone had other peripheral vascular disease except mild degrees of asymp­
tomatic peripheral arteriosclerosis eommensurste with their ages. An 
attempt was madS to exclude suhjectf having anomalous bifurcation of the 
brachial artery by palpating the antecubital fossae, but this was un­
successful in a few instances.
Calculation of Blood Flow and Vascular Resistance 
Figure 10, after Andres et §1» (2) represents the time concen­
tration curve of indicator in a downstream vein during constant indicator 
infusion into the supplying artery. The upper drawing represents the 
relationship between concentration and time if thare is no recirculation 
of indicator, and it may be seen that in this case, after the plateau in
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Pig. 10.— Idealised concentration-time plot during constant 
infusion of indicator.
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concentration is reached, flow is inversely proportional to the concen­
tration of indicator in the vein* The lower drawing represents the re­
lationship if there is recirculation of indicator* It may be seen that 
recirculating indicator adds a time dependent increment to the venous 
concentration. To calculate flow, this increment must be subtracted from 
the venous concentration. The calculating equation for upper aztremity 
blood flow is as suggested by Andres et al,:
Quantity of indicator infused
, , . (weight per minute)Flow (volume per minute) — Mean venous Mean arterial
indicator _  indicator 
concentration concentration
(weight per volume) (weight per volume)
which, in case of this present stu^, using labeled human serum 
albumin (RIHSA) as indicator becomes:
CIM RIHSA infused per minute into
Opp.r Extr«lt, ,l..d Fl«. (F) =  F.t ri. c -
per ml. —  tralataral brachial 
venous blood arterial blood
It should be noted that the mean indicator concentration of the paired 
venous sasgiles is used in calculation of blood.flow*
Calculated upper extremity blood flow is expressed as ml. per 
100 cc. upper extremity volume per minute. Total upper extremity vas­
cular resistance is calculated as follows:
Upper Extremity Vascular Resistance _ ^lA " ^ V  , and is
F
expressed as mm, Hg. per ml, blood flow par 100 cc, upper extremity vol­
ume per minute. Upper extremity segmental vascular resistances may also 
be calculated as fellows ;
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Venous Resistance - ^SV - ^LV;
F
Arterial Rasistanca _ ̂ BA - r̂ a . where "P̂ y, Pgy, end P
P
represent mean brachial arterial pressure, mean radial arterial pressure, 
mean cephalic or basilic venous pressure, mean dorsal metacarpal venous 
pressure, and total upper extremity blood flow per 100 cc» extremity 
volume per minute, respectively»
The Student's t test, paired or unpaired depending on the 





Figures Lia through 14b are high speed flash photographs of
Evans Blue dye being infused at eight ml. per minute through either the
jet injector or a standard twenty gauge hypodermic needle against the
flow of water in glass tubing from left to right at water flow rates of
twenty five, fifty, one hundred, and two hundred ml. per minute. It may
be seen that, at all flows, mixing of indicator with water is improved
by the jet injector. This is especially true at the high flow rates. It
may also be seen that most mixing occurs as a result of "rebounding" of
the jet stream from the walls of the tube into the main stream. This
"rebounding" would not be present in the end-orifice type of jet injector
used by Andres et al. (2). Figures 15 (a and b) illustrate that mixing
is improved at flows of either one hundred or two hundred ml. per minute
even if the jet injector lies against a wail of the tubing, a situation
likely to occur in vivo. Figures 16 (a, b, and c) were taken at different
phases of the pump cycle and illustrate the effect of pulsatile flow upon
indicator dispersion. In this case pump flow and stroke frequency were
100 ml. per minute and 112 per minute, respectively. It will be seen that
there are regions of greater concentration of indicator (pump diastole) and
of lesser concentration (pump systole)^ These regions move downstream with
53
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Fig. 11. a—  lafusion of Evans Blue Dye throu^ jet injector 
into water flowing from left to right at 25 ml. per minute.
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Fig. 11. b-- Infusion of Evans Blue Dye through standard 20
gauge needle into water flowing from left to right at 25 ml. per minute.
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Fig. 12. a-- Infusion of Evans Blue Dye through jet injector 
into water flowing from left to riÿit at 50 ml. per minute.
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Fig. 12. b-- Infusion of Evans Blue Dye through standard 20
gauge needle into water flowing from left to right at 50 ml. per minute.
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Fig, 13. a—  Infusion of Evans Blue Dye through Jet injector 
into water flowing from left to right at 100 ml. per minute.
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Fig. 13. b—  Infusion of Evans Blue Dye through standard 20
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Fi*. 14. a—  Infusion of Evans Blue Dye through jet injector 
into water flawing from left to right at 200 ml. per minute.
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Fig. 14. b—  Infusion of Evans Blue Dye through standard 20
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Fig. 15. a—  Infusion of Evans Blue Dye through jet Injector in­
to water flowing foom left to right at 100 ml. per minute.
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Fig. 15. b—  Infusion of Evans Blue Dye through jet injector in­
to water flowing from left to right at 200 ml. per minute.
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Pig. 16. a«b,c--Infusion of Evans Blue Dye through Jet injector 
into water flowing from left to right at 100 ml. per minute, at sequen­
tial phases of the pump cycle.
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tine end change in configuration*
In Vivo Experinanta 
Dogs
Henolvais. Figure 17 is representative of the puq> pressure 
tracings obtained in the pump-perfused forelimbs of seven dags during 
intrabrachial arterial infusions* The top panel is the puiep pressure 
tracing obtained during intra-brachial arterial infusion of isotonic 
sodium chloride solution at eight ml* per minute through a standard twen­
ty gauge hypodermic needle. The center panel is the pressure tracing ob­
tained during an identical infusion through the jet injector. It may be 
seen that neither infusion significantly altered perfusion pressure, or, 
therefore, limb vascular resistance, either immediately upon starting or
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Pig. 17. --Pump pressure tracings during infusion through regu­
lar and jet needles into pus^ perfused dog forelimb.
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stopping the infusion, or after one minute. However the limb vascular 
bed was responsive to products of hemolysis, as Indicated in the bottom 
panel by vasodilation following imtra-brachial arterial injection of two 
ml. of whole blood through a twenty seven gauge hypodermic needle at a 
velocity which hemolyses the injected blood.
Comparison of actual with calculated flows. Standard Aypoder- 
mic needle. Indicator was infused through a twenty gauge standard hypo­
dermic needle at approximately one ml. per minute into the pump perfused 
brachial arteries of seven dogs. Table 2 itemises and Table 3 summarises 
these eiqperimsnts. In five of the seven dogs only the pui^ inflow was 
measured. It was then realised that collateral circulation through the 
bone may contribute a significant proportion of the limb blood flow, es­
pecially at low pump flows* At these low pump flows perfusion pressures 
may be lower than systemic blood pressures, favoring bone flow which is 
supplied at the higher systemic perfusion pressures. The venous outflow 
was also measured in the two final dogs and only in these two dogs may a 
valid comparison be made between actual and calculated flow. However in 
all seven dogs measurements of m.r,d. are valid. It may be seen that in 
two dogs the calculated flows averaged 44,4 per cent above the actual flows, 
and that in seven dogs the m.r.d.*s averaged 18.0 per cent. In all of 
these experiments the standard Harvard Infusion Pump was usad to infuse 
indicator, and in none of thetie experiments was the humerus cut.
Jet injector needle. These results should be con^ared to the 
results in ten other dogs itemized in Table 4 and summarized in Table 3.
In these experiments indicator was infused through the jet injector at 
eight ml* per minute into the pump perfused brachial arteries. It may be
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TABLE 2
COMPARISOH OF ACTUAL AMD CALCULATED FLOWS IN P9IF PERFUSED 








^t$-Calc.g iQ Q i
Act.
Pump Venous Total r.d.%
INJ No 136.0 • • 136.4 19.9 # •
96*0 # # 104.0 7.2 # #
60.0 • # 150.6 56.0 • •
2NJ No 35.5 • » 64.3 39.0 • •
82.0 # # 92.5 12.4 * #
136.0 # # 163.1 9.0 # e
3HJ No 93.0 # * 94.7 12.4 # •
74.0 * # 77.7 9.9 • ♦
93.0 0-4 90.6 3.0 # #
74,0 # » 70.7 13.0 # *
4NJ No 74.0 # $ 114.2 30.1 # #
98.0 e # 114.2 10.3 • •
5NJ No 51.0 # # 205.3 9.5 • •
6NJ No 88.0 96.5 91,7 1.9 — 3.8
7NJ No 66.0 87.0 139.8 41.3 + 60.7
110.0 121.0 229.3 28.9 + 89.5
165.0 160.0 210.1 2.2 + 31.3
X < - S,E,) 
Signed X
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5 13 Vanoua flew 17.8 • # 0 0
net maaaurad
2 4 Vaneua flew 18,6 46.3 +  44.4
maaaurad
7 17 Net Editad 18.0 0 # 0 0
Jat Haadla
2 4 Bona Not Cut 9.0 9.1 t 4.4
8 56 Bona Cut 3.5 7.7 + 2.9
5* 30 Technically 3.6 4.1 + 1.3
w Satiafactery5® 30 Technically 4.2 11.4 +  4.7
quaatianabla
10 60 Not Editad 3.9 7.8 + 3.0
*Saa Figura (19) 
^Saa Figura (18)
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#**n that for all animal# ealeolatad flow# av#rag«d 5 per cent above the 
actual flows, and that the m.r.d*'a averaged 7.8 per cent. In doga IJ 
and 2J the standard Harvard Infusion Pump waa used. In the remainder, the 
modified Harvard pump waa used. In dogs IJ and 2J the humarua waa not cut 
and in the rcatainder the humerus waa cut.
Table 4 cites s o m  technical difficulties encountered in five of 
these experiments. In four caaea, doga IJ, 4J, 8J, and 9J, the errors 
would tend to make the calculated flows erroneously high. These errors 
include loss of indicator from the tubing or syringe, faulty operation of 
the pump, or sticking of the syringe. In one case, dog lOJ, a fast stop­
watch caused faulty calibration and therefore the calculated flows were 
erroneously low. Figure 18 represents a comparison of actual and calcu­
lated flows in these five dogs with recognised technical problems. It 
will be seen that even im these dogs all but one of the thirty bhaerwations 
lay within - 20 par cent of actual flow, and that four observations lay 
within - 5 par cant of the actual flow. Figure 19 represents a similar 
comparison in the case of the remaining five dogs, where no technical error
was detected* It will be seen that all but two of these thirty observa­
tions lay within - 10 per cent of the actual flow and 77 per cent lay with­
in - 5 per cent of the actual flow. Table 3 susssarises the overall
figures for these ten experiments with the Jet injector. It may be seen 
that in all subgroups there is a clear decrease in m.r.d. and per cept 
differaace between actual and calculated flows as compared to similer 
values in the doge in which the stenderd needle was used. In addition the 
data suggest that cutting the humerus may have contributed to improved 
accuracy of calculation and decreased m.r.d.
65











1 J - *  
4J -  o  
8J- ■ 
9J-  □ 1W-A
260110 140 170 200 23050 8020
Fig. 18. 
errors present).
A C T U A L  F L O W
• Mean calculated flow vs. actual flow (technical
M E A N  C A L C U L A T E D  F L O W  v s .  A C T U A L  F L O W  ( m l /m in )






2 J - #  
3 J - 0  
5 J -  ■  
6 J - 0  
7 J - A
4 0 1 0 0  1 2 0  1 4 0  1 6 0  1 8 06 0 8 0
A C T U A L  F L O W  
Fig. 19.—  Mean calculated flow vs. actual flow
TABLE 4








Voin Total Total r.d.%
Act•
IJ No • * • # 58.0 55.0 9.1 5.2 Standard Har­
• # « • 78.0 84.2 2.6 4> 7.9 vard Infusion
• • • * 98.0 115.0 5.2 + 17.3 Vvmp Osad.
# # • • 114.0 118.8 4.5 ■f 4.2 Faulty Oper­
* * # * 140,0 . 179.8 10.5 4- 28.4 ation
2J No • # # * 59.0 66.6 26.4 + 12.9 Standard Har­
# # # ♦ 88.5 83.4 13.9 - 5.8 vard Infusion
• • • • 100.5 98.0 12.1 — 2.5 Pump Hsed.
• # • • 119.5 111.8 8.3 — 6.4
# # • • 135.0 127.6 4.2 — 5.5
# # • • 144.0 149.1
i
2.2 + 3.5
3J Too • # • • 54.0 51.8 11.0 - 4.1
# • # • 80.5 81.4 5.2 * 1.1
* e * * 100.0 97.9 S.4 • 2.1
# » o * 122.5 118.1 3.6 •• 3.6
» # # * 133.0 129.9 0.2 • 2.3
• # • • 155.5 158.8 1.7 ♦ 2.1
e\
TABLE 4 - Contimeed
4J T«s 4.0 46.0 50.0 57.2 9.8 + 14.4 St<^oek
7.0 53.0 60.0 64.8 6.0 + 8.0 Leakage.
15.5 72.0 87.5 101.6 5.9 * 16.1 Syringe Stick­
35.5 79.5 115.0 137.9 1.7 + 19.9 ing. BT Flov
59.0 68.5 127.5 149.6 1.7 + 17.3 Poor Initially.
5J Tm 119.0 52.0 171.0 173.5 0.6 + 1.5
94.0 42.0 136.0 142.4 1.3 f  4.7
80.0 35.0 115.0 118.4 0.9 ♦ 3.0
51.0 34.0 85.0 90.2 0.4 f  6.1
33.5 25.5 59.0 59.6 0.5 ¥ 1.0
25.0 22.0 47.0 49.1 0.0 * 4.5
6J Tea 72.0 82.0 154.0 164.6 1.7 ♦ 6.9
66.0 76.0 142.0 138.7 0.4 - 2.3
54.0 68.0 122.0 126.2 2.2 f 3.4
38.5 57.0 95.5 98.4 1.0 * 3.0
23.0 42.0 65.0 74.7 0.0 ♦ 14.9
- - - 16.0 38.0 54.0 56.6 0.4 * 4.8
7J Tes 91.0 56.0 147.0 141.6 0.4 - 3.7
82.0 48.5 130.5 126.0 1.7 - 3.4
67.0 36.5 103.5 105.8 0.7 * 2.2
40.0 23.0 63.0 64.0 0.2 * 1*6
50.5 29.5 80.0 81.4 0.7 1*8
22.5 21.5 44.0 44.4 0.6 + 0.9







































9J Yes 60.0 63.0 123.0 139.3 6.5 + 7.2 Syringe
4.0 18.0 22.0 25.8 10.1 f 17.3 Sticking.
96.2 100.8 197.0 232.8 0.3 f 18.2
17.9 36.5 54.4 58.0 3.3 + 6.6
84.0 66.0 150.0 170.4 2.0 + 13.2
44.3 44.5 88.8 104.8 3.2 f 18.0
13.5 22.3 35.8 40.6 4.2 + 13.4
lOJ Ycs 58.8 72.0 130.8 117.2 1.8 - 10.4 Stepeateh
8.8 14.7 23.5 20.8 0.0 - 11.5 Faulty. Errone-
97.0 95.5 192.5 167.8 1.2 - 12.8 eua Calibration
29.0 27.0 56.0 50.5 1.4 - 9.8 of Indicator
74.3 77.5 151.8 136.0 6.1 - 10.4
44.8 46.0 90.8 86.6 4.7 4.6




Subjects partlcipatlnn» Table 5 presents clinical data on the 
fifty subjects participating in this study. In the case of hypertensive 
subjects, the clinically estimated degree of severity is noted. Three 
subjects participated twice in the procedure : A.L., J.E.C., and G.E.
For several reasons data on some subjects were excluded from 
some or all of the tables presented in this section. For example, there 
was occasionally considerable difficulty with sticking of the glass 
syringes. This sticking caused inconstant infusion of indicator, and 
for this reason most data on subjects R.L.A. and L.T. were not used. In 
several subjects the orifices of the jet injector lay outside the lumen 
of the brachial artery and indicator was infused subcutaneously. In 
these cases blood would not reflux through the needle and there was sub­
cutaneous swelling during the infusion. For this reason most data on 
subjects G.E.-2, E.C.M., and B.G.L. were not used. In several subjects 
it was not possible to draw saaq>les from both veins during all or a part 
of the procedure. For this reason all or a portion of the data on sub­
jects W.O.D., N.P.L,, and F.M.H. was not used.
All or a portion of the data accumulated during study of res­
ponse to epinephrine and angiotensin in subjects E.L.F., M.P.L., L.S.,
F.F., G.E.-l, and L.P. was discarded because a steady state of limb blood 
flow had not been achieved prior to sobm vasoactive infusions. In isest 
cases this was due to persistence of changes caused by a previous infusion.
In a group of subjects there was evidence that some or all of 
the infused indicator was lost from the limb bed due to vascular shunting 


















J.D.E. 26 Mmr.64 42 M/M 72.7 1700 Essential Hypertension 
(mild)
Dlgitoxin 47 10
R.T, 27 ltor.64 23 W/H 96.8 1750 Essential Hypertension 
(moderate)
None 50 17














I.S. 23 Apr.64 40 M/M 68.2 1550 Essential Hypertension 
(moderate)
None 46 13
























TABIJB 5 - Continued








E.A.K* 16 Jnl.64 68 W/M 60.5 1300 Essential Hypertension 
(mild)
Digitoxin 44 19
H.P. 17 Jnl.64 66 M/M 88.4 1950 Essential Hypertension 
(mild) Old. cerebral 
vascular accident
None 39 21




24 Sep.64 53 W/M 75 1500 Essential Hypertension 
(■lid)
None 47 13
F.F 24 Sep.64 40 M/M 115.9 2350 Essential Hypertension 
(mild)
None 45 13






















L.C.B# 11 Dec.64 34 M/M 70 1525 Essential Hypertension 
(»ild)
None 45 20










H.A.F. 22 Jan.65 71 W/M 51.6 1125 Cholelithiasis
Pyelonephritis
None 42 15





S.W.P. 5 Fab.65 45 W/M 91.8 2150 Essential Hypertension 
(mild)
None 47 16
















F*L#Z* 26 Fab.65 61 W/M 62.7 1500 Lymq»hoeuK Chloral hy­
drate
42 18





H.F.L. 10 Mar.65 56 W/M 70.2 1500 Chronic Pyelone­
phritis
Sulfisoxazole 47 12
S. F. 17 Mar.65 59 W/M 54.5 1100 Adenocarcinoma None 42 10
L.S. 19 Mar.65 31 W/M 65 1225 Psychoaauros is Hone 44 9





R*G#L» 2 Apr.65 51 W/M 67.7 1325 Broneho-pneumonia Erythromycin 44 21
R.H.T. 16 Apr.65 47 W/M 77.8 1300 Diabetes Mellitus None 44 15
ta
TABLE 5 - Continued
w.c.w. 21 Apr,65 52 W/M 87.0 1700 Diabatea Mellitna None 47 11
L.M. 12 May 65 51 W/M 68 1325 Gastric Ulcer Phénobarbital 53
S.G. 8 OcC.65 73 W/M 91.1 1900 Metastatic Adeno­
carcinoma
None 48 20
C.T.L. 2 Nov,65 48 W/M 70 1900 Femoral Neuritis Diazepan,
Hydroxyzine
44 20
L#C*M» 5 Nov,65 30 M/M 76 1800 Myalgia, probably 
viral
None 45 10
V.O.D. 17 Mov.65 36 W/M 59 1300 No disease Tetracycline 40
F.M.B. 19 Nov,65 55 W/M 65.6 1400 Essential Bÿpertension 
(mild)
None 50 25
T.K. 24 Nov.65 52 W/M 87.5 1525 Essential Hypertension 
(mild)
Dlgitoxin 46 18
C.C.&. 15 Dec.65 44 W/M 64 1425 Cervical spondylosis Methocarbamol 47 20
J »L#G# 17 Dec.65 38 M/M 56.4 1400 Subsiding Acute 
Gastroenteritis
None 42 12
W.H. 12 Jan.66 48 W/M 77.7 1850 Gastric Ulcer Gelusil,
Phénobarbital
42 * #
H.W.It^ . 14 Jan.66 49 W/M 86.8 1900 Depression None 44 24





blanching of a five by six cantlMtar araa of skin proximal to the in­
fusion sita was notad during vasoactiva infusions* Latar it was found 
that concentrations of isotopa in tha vains of tha list wars only slight­
ly graatar than recirculation concentrations. In this casa tha tip of 
tha jet injector probably entered a small branch of tha brachial artery 
at tha elbow* blood from which did not enter the forearm* In other 
cases evidence of shunting was lass clear-cut, but, because tha calcu­
lated flows were unreal is tically high in these cases, it was felt that 
a significant proportion of indicator had not reached the forearm vas­
sals* Such cases were 3*6*, and S*W*P* Data from these three eases 
are presented in Table 6 and excluded from most other tables.
TABLE 6
SUSPECTED SHUNTING OF INDICATOR AT ELBOW. MEAN CALCULATED UPPER EXTREMITY 
BLOOD FLOW AMD MEAN RELATIVE DIFFERENCE IN PER CENT IN CONCENTRATION 






D.H.E. 6 oo s o 11*4
S.W.P. 5 380*6 17.7 7*6
S.G* 7 407*9 21.5 5.1
Finally, in subjects W*D*, 0*M«P«, F*L*Z*, J*E*C*, and R*N*T* 
there was good evidence of anomalous bifurcation of the brachial artery. 
In these eases there was a considerable difference between the concen­
trations of indicator in the paired venous samples* Table 7 gives data
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TABLE 7





Mean Indicator Concentration (CIM) 












W.D. 5 2766 13227 4235 75.4
O.H.P. 5 1028 • » 1114 4728 95.4
F.L.Z. 5 2092 • # 5561 9429 35.8
J .É.C.—2 11 3861 3823 10710 15878 27.4
R.H.T. 7 2936 2944 3112 7151 91.9
on the#* five subjects. It is Interesting to note thet these five sub­
jects cMipxise about ten per cent of all subjects studied, whereas it is 
known that twenty per cent of humans have this anomaly* Data from these 
subjects were excluded from most tables.
Use of the technique to studv upper extremity resting blood flow. 
Comparison of mixing obtained with standard and jet injectors. Indicator 
was infused through a standard twenty gauge arterial needle into the bra­
chial arteries of ten subjects and through the jet injector into the bra­
chial arteries of fourteen subjects, in whom more than one measurement 
of resting blood flow was made. The resulting calculated mean relative 
differences and mean resting bleed flows are presented in Tables 8 and 9. 
In the cases of J.E.C.-l and O.H.P. with the standard needle and of R.E.T. 
with the jet injector, results were questionable for reasons outlined 
above. From Table 8 it may be seeh that the m.r.d. is significantly da-
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TABLE 8
COMPARISON OF MIXING EFFECTIVENESS 
OF JET AND STANDARD INJECTORS
M«an Relative Difference, Per Cent, Between 
Indicator Concentrations in Paired Venou# Samples
Standard Needle Jet Needle
Subject m.r.d. % Subject m.r.d. %
I.S. 6.5 C.T.L. 5.2
J.D.H. 28.9 W.H. 1.5
F.G.D. 7.6 J.L.6. 3.6
R.T. 14.3 L.C.H. 9.0
W.«.Z. 25.2 H.V.H. 11.2
I.L. 17.6 G.6.R. 5.5
W.M.T. 3.4 A.L.-2 1.7
A.L.-l 21.6 T.K. 5.9
J.E.C.-l* 48.0 W.C.W. 2.4





X ± S.E. 27.31 -  9.07 12.69 ± 6.88
P .15 - .10*
S.E.* 15.64 - 3.29 5.98 - 1.59
P .05 - .02*
^Subjects with proved or highly suspected anomalies, excluddd 
from edited totals.
^Alternate hypothesis ^  Ug.
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table 9
COMFAlISOSr OF CALCULATED BLOOD FLOW DSIWG JET 
AMD STAMDABD IMJBCT0B8
Calculated Maaa Easting Blood Flow 
■1/lOOee/ain
Standard Needle Jet Needle
Subject Flow Subject Flow
I* S* 5.3 C.T.L. 6.7
J.D.H. 3.3 W.H. 6.7
F.G.D. 3.0 J.L.6. 5.7
R.T. 6.0 L.C.l. 5.2
W.W.Z. 4.5 H.H.N. 7.3 .
I.L. 6.6 C.G.R. 5.6
W.M.T. 3.9 A.L.-2 3.0
A.L.-l 7.2 T.K. 10.4
J.E.C.-1* 15.8 W.C.W. 5.0
O.H.P.* * # C.M. - 9.7
M.J. 9.4
S.G. 26.7
G.E.-l 13.1R.H.T.a • •
i ± S.E. 6.18 ± 1.30 8.81 Ï 1.67
P .20 - .30*»
X ± S.E.a 4.98 ±  0.55 8.81 ^ 1.67
P >.05*»
' 1
^Subjects with proved or highly auspactad anomalias, axeluded 
from edited totals*
^Alternate hypothesis ^  eg,
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creased by the Jet Injector in the edited subjects* Note especially sub­
ject A.L. in whom both needles were used and in whom m.r.d. decreased 
from 21.6 per cent to 1.7 per cent* It may also be seen in Table 9 that 
calculated naan resting upper extremity blood flows using the two injec­
tion systems are not significantly different, either edited or non-edited. 
Mean resting blood flow determined using the Jet injector in this group 
was 8.8 ml. per 100 cc. extremity volume per minute. Excluding subject 
3.6., in whom there was evidence for vascular shunting of indicator at 
the elbow, mean resting blood flow for this group was reduced to 7.3 ml. 
per 100 cc. per minute. These results may be compared to those of Andres 
at al« (2) in a table of cummulative per cent of subjects. Table 10. It 
will be seen that m.r.dU is lower in the present study. Jet or standard 
needle, even in non-edited data, than in the study of Andres et al.
Constancy of resting blood flow. Data regarding constancy of 
resting blood flow in the present study are presented in Table 11. It 
is possible to compare these data against the study of Andres et al.
(Table 12). It will be seen that there was greater constancy of flow in 
the present study. Constancy of flow in two typical subjects, in when 
intermittent infusions of indicator were made, is illustrated in Figure 
20. Here the coefficient of variation about mean flow is 1.9 per cent 
in the case of subject M.J. and 2.1 per cent in the case of subject 
W.C.W. There is no grossly apparent correlation in Table 11 between 
magnitude of blood flow and constancy of blood flow or between constancy 
of blood flow and mean relative difference»
Measurement of testing blood flow. A comparison is made in 
Table 13 between mean resting blood flows obtained in the present study
TABLE 10
MEAN RELATIVE DIFFERENCE BETWEEN INDICATOR CONCENTRATIONS IN TWO VEINS SXMULTAHEOfSLY SAMPLED*
-Mean Relative Difference % <5 <10 <15 <20 < 25
Cumulative Standard Present Study n = 10 10 33 40 50 60
Per Cent
Needle Andres et al. n = 10 40 70 80 80 80
of Jet Present Study n = 14 50 79 86 86 93
Needle Present Study® a = 13 54 S5 92 92 100
Subjects Andres et al.** n = 9 44 % 78 78 100
SO





CONSTANCY OF RESTING ILOON FLOW AND MEAN RELATIVE DIFFERENCES 
IN INDICATOR CONCENTRATION BETWEEN PAIRED SPECIMENS FROM 
BASILIC VEIN AND CEPHALIC VEIN DURING RESTING FLOW






C.T.L. 6.7 ± 0.4 6.2 5.2
W.H. 6.7 ± 0.7 10.2 1.5
J.L.G. 5.7 i 0.2 3.8 3.6
L.C.H. 5.2 ± 0.2 4.4 9.0
H.W.M. 7.3 t Oi3 4.2 11.2
C.G.R. 5.6 i 1.2 20.8 5.5
A.L.-2 3.0 ± 0.1 2.3 1.7
T.K. 10.4 ^ 0.8 7.5 5.9
W.C.W. 5.0 i 0.1 2.1 2.4
L.M. 9.7 i 0.2 2.0 3.2
M.J. 9.4 ± 0.2 1.9 1.6
S.G. 26.7 ^ 0.6 2.3 4.5
6.E.-2 13.1 i 0.1 1.0 22.4
X 8.8 ±0.4 5.3 4.6
TABLE 12 
CONSTANCY OF FLOW*
Coefficient of Variation about Mean Flow <  5 <  10 < 1 5 < 20 <  25
Cumulative Jet Present Study n = 13 69 85 92 92 100
Needle Andres et al. n =  8 6 46 71 71 83
Per Cent
of Standard
Needle Andres et al.b n = 9 11 78 78 89 89
Subjects
0 3
^After Andres al̂ . (2)
Forearm only.
82








O S u b j e c t  M.J.




10 2 0  3 0 4 0 6 0 6 0 7 0
I t t t f t t
RISA I N F U S I ON S
Fig. 2Qe-- stability ef blood flov 
and those obtained by Andrea at al* (2)e Mere caaea in vhleh calcu­
lated flowa were of queationable accuracy were excluded from both atudiooe 
Higher Valuea in the preaent atudy are probably due to the fact that the 
hand waa included. The valuea in Table 13 may be compared to valuea de-
TABLE 13
COMFARISOH OF CALCULATED BLOOD PLOW VALUES
Inveatigator N Ambient 
temperature,*C
Mean Range
Andrea et (2)* 7 25 - 27 4.7 2.7 - 7.0




rived from plethysmography in Table 1. It is of interest that although 
ambient temperature was higher in the present study (26°C, as compared 
to 21^0»)> the mean of resting blood flows is slightly lower than that 
obtained by plethysmography (forearm plus hand) using water bath temper­
atures believed to be optimal*
Infusion of indicator into the radial artery. In four subjects 
indicator was infused into both the radial artery and the brachial artery 
in turn. Results in these subjects are summarized in Table 14, It may 
be noted that, as expected, in all cases the relative difference between 
indicator concentration in the two veins downstream increased during infus­
ion into the radial artery. In one case, C.G.R., no indicator became 
mixed with basilic venous blood during infusion into the radial artery, 
whereas mixing was apparently quite good (r.d. 5.5 per cent) during in­
fusion into the brachial artery in the sente subject. In the ease of
TABLE 14
MIXING DURING RADIAL ARTERIAL INFUSION OF INDICATOR
Subject
Mean Relative Difference in Per Cent 
Between Indicator Concentrations 





Jf # L. G. 28.0 3.2
A.L.-2 18.0 1.7
G.E.-2 53.1 22.4
C.G.R. — 100.0 5.5
X 49.8 8.2
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A.L.-2, m.r.d. was less than twenty per cent during infusion Into the 
radial artery, although very little arterial mixing could have occurred.
Total upper extremity resting vascular resistance In normoten- 
slve and hypertensive subjects. Table 15 compares total resting upper 
extremity vascular resistance in normotensive and hypertensive subjects.
It will be seen that although flows are not significantly different in 
the two groups, there is a difference of borderline statistical signifi­
cance in vascular resistance. It should be pointed out that the hyper­
tensive group was composed mainly of patients with "mild" essential 
hypertension. However there were three patients, A.L., W.J.S., and 
W.E.S., with "moderate" or "severe" essential hypertension, and in two 
of these cases there was a highly elevated vascular resistance. Mean 
age of the hypertensive group was 49 years, normotenslves 47 years.
Mean upper extremity volume in hypertensives was 1689 cc., normotenslves 
1530 cc. Mean brachial arterial pressure In the hypertensives was 148 
mm. Hg., normotenslves, 97 mm. Hg.
Anomalous bifurcation of brachial artery. Figure 21 Illustrates 
findings In subject R.H.T. Intermittent five minute infusions of indica­
tor were made into the "brachial artery" and blood was sasqpled simultane­
ously in the radial artery, cephalic vein, basilic vein, and contralateral 
brachial artery. Isotope concentrations, indicated on the ordinate, in­
creased with time In all vessels, representing increasing recirculating 
concentration. The concentrations in the two veins differed greatly, 
Indicating lack of mixing. It will be noted that Isotope concentrations 
in radial artery and cephalic vein were almost identical with isotope 
concentrations in contralateral brachial artery, representing recircula-
TABLE 15
TOTAL RESTING UPPER EXTREMITY VASCULAR RESISTANCE IN HYPERTENSIVE AND NORMOTENSIVE SUBJECTS
Hypertensivss Normotenslves
Subject Fa Mean Flow Mean Resist. Subject FA Mean Flow Mean Resist«  Hg ■1/lOOcc/ain set Hg/al mm Hg ml/lOOce/mln mm Hg/ml
lOOcc/nin I'OOee/min
A.L.-2* 145 3.0 44.15 C.T.L. 100 6.7 13.58
T.K. 140 10.4 12.21 W.H. 85 6.7 12.24
W.J.S.a 165 9.0 17.22 J.L.G. 95 5.7 13.84
L.P. 135 7.4 17.03 L.C.H. 110 5.2 19.40
G.E.-l 140 6.9 18.24 H.N.M. 95 7.3 11.92
W.E.S.* 150 5.1 27.45 C.G.R. 105 5.6 16.96
L.C.B. 135 5.0 15.88 M.A.F. 80 5.0 14.80
F.F. 130 10.1 11.68 J.j. 105 8.5 10.71
H.B. 190 9.1 19.23 R.C.F.C. 100 5.8 17.26
W.C.W. 100 5.4 17.22
L.S. 90 4.0 20.50
E.P. 105 4.4 20.68
E.L.F. 90 14.3 5.80
L.M. 95 8.5 9.88
M.P.J. 100 9.3 9.78
X  — S.E. 14S 7.3 ±  .8*» 20.34 - 3.6©»» X -  S.E. 97 6.8 ±  .7»* 14.30 - 1.13'
00Oi
%Dd*rat# or wover# hyportonmlon#
(Flows): N.S. («1 ^  «2^» ^ O^lAt.): 0.1 - D.@5 (uj >  ug),
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Fig, 21,-- Anomalous radial artery supplying cephalic vein 
ting indicator. None of the locally infused isotope passed into the 
radial artery and cephalic vein and all passed into the basilic vein. 
Thus* the origin of this subject's radial artery was upstream to the 
point of indicator infusion, and the radial artery was the sole source 
of blood to the cephalic vein. Isotope had been infused into the ulnar 
rather than the brachial artery. Figure 22 illustrates findings in 
subject W.D., in whom most indicator passad into tha cephalic vain, sug­
gesting that in this casa indicator was infused into the radial artery, 
rather than the brachial artery. However, radial arterial blood was 
not sasqpled, so this assumption cannot be proven.
Similar findings occurred in several other subjects and are 
presented in Table 7. The case of J.E.C. is particularly interesting 
for here no indicator was infused into the radial arterial blood and yet 
m.r.d. was not exceptionally high, indicating that a large amount of
87
1 4 , 0 0 0
12,000 •
6,000
4 , 0 0 0
A N O M A L O U S  U L N A R  A R T E R Y  
S U P P L Y I N G  B A S I L I C  V E I N ?  






ELA P S ED  TIME (M INU TES)




IN FU S IO N S  
RISA RISA 
+ EPI.
Fig, 22,-- Anomalous ulnar artery supplying basilic vein, 
mixing took place in the capillary-venous bed of the limb, Findings in 
subjects 0,H,P, and F.L,Z, suggest that, as in subject R.H.T., indicator 
may have been infused into the ulnar artery rather than the brachial 
artery.
Use of the technique to study upper extremity vascular re­
sponses to vasoactive agents. Arterial distribution of vasoactive 
agent during intra-brachial arterial infusions. In five subjects, in­
dicator concentrations were measured in the ipsilateral brachial artery 
two centimeters downstream to the Jet orifices through an arterial 
needle with double lumen. These concentrations were compared to those 
in the downstream venous samples drawn simultaneously. It was hoped 
that the concentrations would be similar, and that brachial arterial 
indicator concentration could be used to calculate flow. Table 16 
presents data in these five subjects. It may be seen that indicator
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TABLE 16
SIGNED RELATIVE DIFFERENCE IN PER CENT BETWEEN INDICATOR CONCENTRATION 
IN IPSILATERAL BRACHIAL ARTERY THREE CENTIMETERS DOWNSTREAM TO 
INJECTION ORIFICE AMD MEAN OF PAIRED INDICATOR CONCENTRATIONS 
IN BASILIC AND CEPHALIC VEINS DURING RESTING FLOW
Subject Signed r.d.% 






H.B. ♦ 17.3 3.5 147.6
F.F. f 29.1 7.9 237.4
L.P. t 68.2 7.7 111.8
W.J.S. t 17.6 0.6 161.3





concentration in the brachial arterial sample# was quite different from 
that In venous blood. In four of the five subjects brachial arterial con­
centration was greater, in one It was less. There Is no grossly apparent 
correlation between brachial arterial concentration and r.d. or total cal­
culated flow.
In nine subjects Indicator concentration was measured In down­
stream radial arterial blood and coa^ared to mean Indicator concentration 
in venous blood during resting flow and also during response to vasoactive 
Infusions. Table 17 presents this data. On the average, during resting 
flow, concentration In the radial artery adjusted for recirculation con­
centration was five per cent lower than adjusted mean venous concentration. 
During Infusion of the vasodilating agent, magnesium sulfate, adjusted 
concentration in the radial artery was 5.9 per cent higher on the average
TABLE 17
COMPARISON OF INDICATOR CONCENTRATION IN RADIAL ARTERIAL BLOOD WITH MEAN CONCENTRATION IN VENOUS 
BLOOD DURING RESTING FLOW AND DURING RESPONSE TO INFUSIONS OF VASOACTIVE AŒNT8




I.A. Infusion of Isotonic NaCl I.A. Infusion 10% MgSO^ or Hypotonic NaCl
Signed 
Difference^ 




















A.L.-2 5 + 17.4 1.0 47,2 f 5,3 16.7 84.5
10 f 15.1 1.9 47.6 MgS04 - 3.5 7.0 96.4
15 + 20.3 2.3 51.6 - 32.4 1.0 104.0
5 f 16.7 0.1 42.5 Hypotonic + 12.9 0.2 32.5
10 11.1 1,4 35.9 . NaCl - 3.4 0.5 29.4
15 + 13.8 0.1 34.8 - ' 9,5 1.9 26.4
J.L.G. 5 36.2 2,9 76.9 + 3.6 3.0 111.2
10 - 34.5 3,4 75,4 MgS04 f 18.6 4.0 110.4
15 - 2.6 4.5 86.0 - 1.2 0.5 110.8
5 3.1 4.4 86.1 Hypotonic 5.5 0.2 63.6
10 f 12.0 4.7 83.0 NaCl t 0.2 5.4 54.0
15 +1
1 ■
23.5 4.1 82.0 » 16.5 6.2 53.2
00




















5 * 16.8 10.9 79.2 Hypotonic 4 36.5 4.5 64.7
10 f 12.2 5.7 75.9 NaCl 4 28.7 6.0 50.2
15 ♦ 6.7 1.9 63.0 4 27.7 16.4 48.8
T.K. 5 - 11.8 1.0 141.2 - 34.0 17.2 252.4
10 - 4.1 10.9 152.0 MgSO* - 29.1 18.2 245.0
15 - 1.9 5.8 181.8 4 2.9 13.0 274.1
5 - 18.6 18.6 218.6 Hypotonic - 40.4 20.7 158.8
10 - 12.0 20.7 189.1 NaCl - 46.3 20.1 149.8
15 -176.4 13.5 188.0 - 46.0 17.9 141.4
W.O.D. 4 - 0.5 8.5 119.2 Hypotonic - 2.1 4.7 72.7
8 + 4.2 4.9 111.4 NaCl - 37.4 5.2 58.8
12 - 20.3 4.1 93.2 - 25.4 6.6 62.5
5 * * 0 # 4 3.9 5.7 116.0
10 • * • * MgS04 4 5.6 4.0 119.1
15 « # # # - 6.2 1.6 128.4
VOO
























C.T.L. 5 . . . • + 9.1 4.3 112.0
8 f 8.6 2.4 123.3 Hypotonic ♦ 2.4 5.2 151.4
11 - 3.1 9.0 115.4 MaCl * 4.2 5.5 148.0
14 + 15.6 4.2 142.9 t 8.3 11.6 118.6
5 f 7.0 7.2 144.9
8 f 12.3 4.6 143.6 • •
17 + 3.1 10.8 129.2 # # VO
Signed x  (overall) 5.0 4.0
X (overall) 17.2 20.5
Signed :: (MgSO^) + 5,9
X C'îgSÔ ) 16.4
Signed x (Hypo.MaCl) - 9.7
X Olypo.NaCl) 23.0
TABLE 17 - Continued
Subject Time After 
Beginning 
Infusion (ain«)
I,A* Infusion of Isotonic NaCl
Signed Difference % 






W.C.W.* 5 f 2,4 3,8 91.6
4 - 0.9 5.1 93.9
5 - 7.3 3.9 91.6
5 f 0.1 1,7 87.8
4 - 6.8 3.3 81.9
5 - 2.4 1.6 82.4
4 - 9.3 1.3 85.2
5 - 2.9 0.7 83.0
5 - 8.3 1.1 84.4
5 - 11.8 2.8 78.0
VON>
TABLE 17 - Continued
L.M.* 5 - 24.2 3.9 113.0
5 - 33.2 5.8 119.2
1
4 - 6.2 3.0 121,7
5 - 8.7 5.4 122.2
4 + 6.1 4.3 125.0
5 - 9.3 6.8 131.6
4 4 3.3 2.7 142.1
5 - 4,0 1.6 133.9
4 - 1.0 1.0 136.4
5 - 16.5 1.5 124.8
4 - 1.7 0.7 137.0
5 - 10.5 1.6 137.6
«o
Signed x - 7.0
8.0
Seven separate coaseoutiva five minute infosiona of isotonic sodium chloride solution. 
sasq>les drawn at four and five sdnutes, or five minutes alone.
Blood
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than adjusted mean concentration in the two veins* During infusion of 
hypotonic sodium chloride solution, which decreases blood flow, adjust­
ed concentration In the radial artery was 9.7 per cent lower on the 
average than adjusted mean concentration in the two veins. However, the 
variation in the radial arterial concentrations was quite large, with 
deviations in both directions* It is of interest to note data from sub­
jects L*M, and W.C.W., in whom a series of five minute infusions of 
indicator was made during resting flow and samples taken at four and five 
minutes. Although flow and r.d. were relatively constant, the concentra­
tion in the radial artery changed abruptly and greatly. In Table 17 the 
difference between indicator concentration in radial artery and veins 
may be coaqpared to relative difference and to extremity blood flow. 
Correlation coefficient in the foramr case is 0.281, and in the latter 
case is 0.003. Correlation coefficient between relative difference and 
extremity blood flow is 0.0002.
Response to intrabrachial arterial infusion of angiotensin.
Tables 18 and 19 present upper extremity blood flow response measured at 
four minutes to intrabrachial arterial infusions of angiotensin 0,025 and 
0.05yuL g. per minute, respectively. These observations were made in four­
teen technically satiafsictory procedures in eleven subjects. There is a 
significant decrease in blood flow at both dosage levels. In addition, 
there is a significant chcmge in r.d. at both dosage levels. Ho gross 
correlation between total limb blood flow and r.d. is apparent. Figure 
23 presents this data in a graphic form. It may be seen that calculated 
upÿer extremity blood flow decreased in all subjects, but that in some 
subjects, response to the larger dosage was less than that to the smaller
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TABLE 18
UPPER EXTREMITY BLOOD FLOW RESPONSE AT FOUR MINUTES TO INTRABRACHIAL 
















E.P. 2.7 2.2 2.7 2.8
J.J. 11.2 8.4 5,6 5.5
W.J.S.* 8.8 7.4 4.0 7.1
L.C.B.a 3.9 2.4 2.5 2.2
W.E.S.a 5.0 2,4 5,5 3,4
G,E,-1* 6.9 3.3 0.2 6.7L.P,a 7.4 4.9 7,7 1.8
W.A.F, 4.5 2.9 1.0 3.0
X 6.3 4.3 3.6 . 4.1
d ±8d 2.06 ± 0.35 2,51 - C1,89
P < .0005b .05 - .02®
^Hypertensive subjects 
bAlternate hypothesis > Ug
G Alternate hypothesis ^ U2
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TABLE 19
UPPER EXTREMITY BLOOD FLOW RESPONSE AT FOUR MINUTES TO INTRABRACHIAL 
















E.P. 2.5 2.2 3.2 2.1
J.J. 11.0 9.1 6.3 1.8
W.J.S.* 7.6 6.6 2.1 0.8
H.B.a 8.3 5.0 6.9 5.2
F .F .a 10.1 3.2 7.9 13.9
R#C,F$C* 6.8 2.6 7.1 0.4
X 7.7 4.8 5.6 4.0
d ± Sd 2.93 :t 0.98 3.55 ± 1.02
p .025 - .Olh .02 - .01*
^Hypertensive subjects 
^Alternate hypothesis u^ > 
^Alternate hypothesis ^  U2
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U P P E R  EXTREMITY BLOOD FLOW 
DURING ANGIOTENSIN INFUSION.
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F L O W S
Fig. 23.-- Upper extremity blood flow daring angiotensin infusion, 
dosage. This finding is probably an artefact due to incomplete recovery 
from a previous angiotensin infusion.
Response to intrabrachial arterial infusion of epinephrine* 
Tables 20, 21, and 22 present upper extremity blood flow response meas­
ured at four minutes to intrabrachial arterial infusions of epinephrine 
0.025, 0.05, or 0.10 j x  g. per minute, respectively. These measurements 
were made in fifteen technically satisfactory procedures in ten sub­
jects. No statistically significant change in upper extremity blood 
flow was produced by infusion of 0.025 and 0.05 j J i g. per minute. In­
fusion of 0.10 yug. per minute epinephrine produced a statistically sig-
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table 20
UPPER EXTREMITY BLOOD FLOW RESPONSE AT FOUR MINUTES TO INTRABRACHIAL 
















L« S • 4.0 3.3 4.6 19.8
E«L«F« 14.3 8.9 11.1 12.2
J.J. 8.5 10.5 5.7 2.9
W.A.F. 5.0 4.5 4.1 1.6
W.J.S.* 8.8 10.4 0.4 7.1
L.C.B.* 5.0 5.0 1.4 0.2
W.E.S.* 5.1 5,0 10.4 7,8
E.P. 4.4 4.7 1.0 13.6
X 6,9 6,5 4.8 8.2
d ± 1.32 ± 0.63 5.59 :- 1,93
p .1 - .05b ,05 ■ .02b
"Hyperten#ive subject# 
^Alternate hypothesis ^  ^2
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TABLE 21
UPPER EXTREMITY BLOOD FLOW RESPONSE AT FOUR MINUTES TO INTRABRACHIAL 



















W.A.F. 4.2 3.4 1.1 1.0
W.J.S.a 9.0 11.1 3.3 3.5
R»C .F.C. 5.8 9.8 6.7 3.2
X 6.3 8.1 3.7 2.6
d 2.30 i 0.93 1.27 1 1.11





UPPER EXTREMITY BLOOD FLOW RESPONSE AT POOR MINUTES TO INTRABRACHIAL 
















L.S. 3.5 2.1 6.1 3.9
W.E.S.a 5.1 4.1 7.2 20.6
R.C.F.C. 6.4 9.0 8.0 4.4
H.B.a 9.1 10.3 0.8 5.4
X 6.0 6.4 5.5 8.6
1.55 ^  0.36 5.95 - 2.53





nlflcant change in upper extremity blood flow. At all doeagea, however, 
there was great variation in both magnitude and direction of response* 
Also only three observations were made at the 0.05ya g, per minute 
level. Infusions at 0*025 yu g. per minute produced a statistically 
significant change in r.d*, whereas, overall, no significant change in 
r.d, was produced by the two infusions of greater magnitude. However, 
again there was prominent variation among individual observations*
Response to intrabrachial arterial infusions of ten per cent 
magnesium sulfate and to hypotonic sodium Chloride solution (150 mOs. 
per liter). Infusions of these agents were made with the specially con­
structed infusion pump. Figures 24 and 25 represent the experimental 
procedure in two subjects, J.L.6., and T.K. Brackets around points rep­
resenting calculated flows signify r.d. and probably establish confi­
dence limits for calculated flows. It will be noted that in subject 
J.L.G. limb resistance was in a steady state at time of beginning of 
infusion of amgnesium sulfate, that lisËb resistance achieved a new 
steady state during infusion of magnesium sulfate, that the r.d.'s were 
small, and that limb resistance had returned to initial levels thirty 
minutes following the end of the magnesium sulfate infusion and before 
the beginning of the second vasoactive infusion. In contrast, in sub­
ject T.K., it will be noted that none of the above factors held. This 
cos&inatiom of factors suggests that flow, and therefore resistance, 
calculations were accurate in J.L.G., but questionsble in T.K. Other 
subjects fell between these two extremes.
Table 23 presents means of three or four measurements of upper 
extremity blood flow in eight subjects during fifteen minute intra-
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Fig. 24.—  Response to intrabrachial arterial infusions of ten 
per cent magnesium sulfate and to hypotonic sodium chloride solution 
in subject J.L.G.
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Fig. 25.—  Response to intrabrachial arterial infusions of ten 
per cent magnesium sulfate and to hypotonic sodium chloride solution 
in subject T.K.
TABLE 23
UPPER EEXREHITY VASCULAR RESPW8E DURIH6 A FIFTEEN MINUTE INTRABRACHIAL ARTERIAL INFUSION OF
TEN PER CENT MAmXESIW SULPHATE*
Isotonic NaCl, 8 ad/min 10% MgS04 0.2 ad + Isotonic NaCl 7.8 ml/min
Mean Calc. Blood Flew sur.d. Mean Total Mean Calc.Blood Flow aa.r.d. Mean Total
% Resistance % Resistance
Subject Total ad/lOOcc/ BV vs. mm Hg/ml/ Total ml/lOOcc/ BV vs. am Hg/ml/
ad/fldn adn CV lOOcc/min ml/adn adn CV lOOcc/min
W.H. ^ 124.7 6.7 1.5 11.81 135.1 7.3 1.5 11.40
A.L.-2*» 48.8 3.0 1.7 43.87 95.0 5.7 8.2 22.01
J.L.G. 79.4 5.7 3.6 13.58 110.8 7.9 2.5 9.62
H.W.M. 138.8 7.3 11.2 12.69 155.4 8.2 6.5 11.22
G.G.R. 80.2 5.6 5.5 18.51 143.8 10.1 18.2 9.63
C.T.L.® 137.2 7.2 6.8 15.87 128.8 6.8 5.1 16.72
L.C.H.® 92.8 5.2 9.0 18.79 143.8 8.0 11.0 12.77
T.K.b.c 158.3 10.4 5.9 13.04 257.2 16.9 16.1 7.71
X 107,5 6.4 5.6 18.52 146.2 8.9 8.6(5.7*) 12.64
P (Resistance): 0.025 - .01*; F(m.r.d.): 0.025 - 0.01*
2
"Means of two to four observations during each fifteen minute infusion.
bgyperteastve subject
&0.28 to 0.40 ad.. 10% MgSO^ per minute
^Alternate hypothesis uĵ > U2
%ean of fifteen minute observations
I CA
brachial arterial infusions of cen per cent magnesium sulfate, 0.2,
0.28, or 0.4 ml. per minute, diluted in isotonie sodium chloride solu­
tion and infused at total volume rate of 8 ml. per minute. Decrease in 
mean total limb vascular resistance was observed in seven subjects dur­
ing these Infusions. This decrease is statistically significant. Fig­
ure 26 represents change in mean vascular resistance during these in­
fusions* Figure 27 plots mean change in resistance against initial re­
sistance and shows a trend toward positive correlation. Hypertensive 
subjects are identified by circled points on both figures.
With the exception of subject C.T.L,, this infusion and its 
isotonic sodium chloride solution control infusion followed a pause of 
from five to thirty minutes after termination of the infusion of mag­
nesium sulfate solution. Despite this time interval it is probable that 
limb vascular resistance had not completely returned to control levels 
in some of these subjects. However, increase in mean total limb vas­
cular resistance was observed in 9 of 10 subjects during infusion of 
hypotonic sodium chloride solution, 130 mos. per liter, at 8 mi. per 
minute, as presented in Table 24. This increase is statistically sig­
nificant, Figure 28 represents change in mean resistance during these 
infusions, and Figure 29 plots mean change in resistance against in­
itial resistance. Hypertensive subjects are identified as above.
Infusion of hypotonic sodium chloride solution was accompanied 
by a significant increase in magnitude of m.r.d. Infusion of magnesium 
sulfate also increased the magnitude of m.r.d. during the first ten 
minutes of infusion. By the fifteenth minute, however, m.r.d. had re­
turned to resting level.
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CHANGE IN TOTAL LIMB RESISTANCE vi, 
INITIAL RESISTANCE DURING INTRA-ARTERIAL 
INFUSION OF 10% MgS04 0.2ml/mtn PLUS 
ISOTONIC NaCl 7.8ml/m:n.
5 13 -  25 35 45
IN in A L  TOTAL RESISTANCE FLOW/lOOml/mîn)
Fig, 27,—  Mean change in resistance vs, initial resistance 
during infusions of magnesium sulfate.
TABLE 24
UPPER EXTREMITY VASCULAR RESPONSE DURING A FIFTEEN MINUTE INTRABRACHIAL ARTERIAL INFUSION OF
HYPOTONIC (150 nOs/L) SODIUM CHLORIDE SOLUTION*
Isotonic NaCl, 8 ml./min. 150 mOs/L NaCl, 8 ml./min.
Mean Calc. Blood Flow m.r.d. Mean Total Mean Calc.Blood Flow m.r.d. Mean Total
% Resistance % Resistance
Subject Total ml./lOOcc/ BV vs. mm Hg/ml/ Total ml./lOOcc/ BV vs. am. Ng/ml/
ml./min. min. CV lOOcc/min ml./sdn. min. CV lOOcc/sdn
W.H. 109.9 5.9 3.9 14.38 92.1 4.9 6.4 16.33
A.L.-2*> 37.7 2.3 0.5 57.95 29.4 1.8 0.9 75.53
J.L.G. 83.7 6.0 4.4 13.76 56.9 4.1 3.9 21.88
B.V.M. 109.1 5.7 9.4 16.76 59.0 3.1 7.4 31.12
C.6.R. 72.7 5.1 6.2 19.82 54.6 3.8 9.0 26.50
C.T.L. 127.2 6.7 5.2 15.44 132.5 7.0 6.6 15.54
L.C.H. 121.4 6.7 2.3 15.07 84.9 4.7 10.4 22.79
W.O.D. 105.6 8.2 5.0 9.97 63.4 4.9 5.9 17.22
F.M.H.b 111.0 7.9 4.2 16.43 96,5 6.9 6.1 19.40
T.K.b 198.6 13.0 17.6 10.35 150.0 9.8 19.6 13.86
% 107.7 6.8 5.9 18.99 81.9 5.1 7.6(8.8*) 26.02
oO'
P(Resistance): 0.005 - 0.0005^; P (m.r.d.): 0,01 - 0,005*=
%eans of three or four observations during each fifteen minute infusion.
hypertensive subject
^Alternate hypothesis > Ug
dMean of fifteen minute observations
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Fig. 28.—  Change in mean vascular resistance during infusions 
of hypotonic sodium chloride solution.
O
CHANGE IN  TOTAL LIMB RESISTANCE v i. 
IN ITIAL RESISTANCE DURING INTRA - 
ARTERIAL INFUSION O f 150mO»/L NoCI, 
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Fig* 29.-- Mean change In resistance vs. Initial resistance 
during infusions of hypotonic sodium chloride solution.
CHAPTER IV
DISCUSSION
Validity of the Technique 
There is good evidence indicating that the constant infusion 
indicator-dilution technique is able to measure accurately regional blood 
flow. Cropp and Burton (15) demonstrated a very high degree of correla­
tion ̂  vitro between actual and calculated pulsatile flow, using this 
technique. Accuracy, however, depends on complete mixing of indicator 
upstream to the sampling site. Mixing may be effected either by Jet 
injection of indicator or by a "mixing region." Although the capillary- 
venous bed of the limb has dimensions quite different from those propos­
ed by Cropp and Burton for a "mixing region," there is evidence indica­
ting that it fluiy function as such. This evidence includes the work of 
Baker and O'Brien (3) using bolus injections of indicator into the isola-, 
ted forelimbs of dogs. Despite absence of any "mixing region" other than 
the capillary-venous bed, these authors demonstrated a high level of accu­
racy in calculated flow over a wide range of limb blood flows. Indeed 
these authors demonstrated that adding a mixer either at point of injec­
tion or at point of venous sampling did not improve accuracy. Thus com­
plete arterial mixing is not essential for accurate calculation of blood 
flow ijn vivo, and satisfactory mixing must occur in the capillary and 
venous beds of the lî ibs.
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The work of Andres ec el. (2) also suggests that satisfactory 
mixing may occur in the capillary-venous beds of the limb despite poor 
arterial mixing. They demonstrated in man that m.r.d. was essentially the 
same whether indicator was infused via Jet injector at rates calculated 
to produce turbulence and oosqplete arterial mixing or via standard needle 
at rates too low to produce significant arterial mixing.
The present work further tests the validity of calculated flows 
in vivo, in the isolated forelimb of the dog, A high degree of accuracy 
was found in technically satisfactory procedures. However total venous 
outflow was sampled in the dog limb, whereas only a portion of venous out­
flow may be sampled in smn. Similarly, total inflow was labeled in the 
dog limb, whereas undoubtedly a portion of the inflow to the upper ex­
tremity in man is not labeled. The experimental procedure could not 
duplicate the situation in man in these important aspects.
Mean and range resting blood flow values in the present study 
were slightly lower than those reported with venous occlusion plethysmo­
graphy. This is of interest because most errors in the present technique, 
such as leakage or loss of indicator, would tend to cause high calculated 
flows. The comparison suggests, among other things, that during resting 
flow, blood viscosity, and therefore resistance, is not greatly lowered 
by the infusate in the present study. The reasonable agreement of values 
derived from these two techniques increases confidence in both methods 
of msasuresmnt of resting blood flow.
Theoretically the following conditions are necessary for accurate 
indicator-dilution measurement of blood flow: (a) steady state, (b) non-
diffusible indicator, (o) supply and removal of indicator solely via
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blood flow, (d) constant and equal artsrlal and venous blood flow, (e) 
constant concentration of Indicator in arterial and mixed venous blood, 
and (f) uniform cross-sectional distribution of indicator upstream to 
saoqpling site. The findings of Andres et al. (2) and the present study 
regarding constancy of blood flow support the assumption that near steady 
state conditions exist during measurement of resting blood flow, and pos­
sibly after ten minutes during infusions of vasoactive agents. This is 
evidence supporting the first assua^tion. The data of Baker and O'Brien 
show that there is no trend for appreciable loss of albumin-bound indi­
cator from the blood stream, supporting the validity of the second and 
third assus^tions. The data of Cropp and Burton indicate that blood flow 
need not necessarily be constant for accurate calculations, especially if 
the constant infusion technique is used, satisfying the fifth assumption. 
Finally, the similarity in most subjects of indicator concentrations in 
paired venous blood sasylas is evidence supporting the final assumption.
Hemolysis and Mixing of Indicator 
Hemolysis
Theoretically, cooqplate brachial arterial mixing of indicator 
cannot be achieved without production of local turbulence* Andres et al, 
(2) calculated that infusion kinetic energies of at least 30,000 gm. cm.2, 
sec,"2 are required to exceed the Reynolds number of brachial arterial 
blood and produce local turbulence. Cropp and Burton (15) found in tubing 
and flow representative of the brachial artery that am infusion kinetic 
energy of 30,000 gm. c m , 2, sec,"2 is necessary to achieve good cross-sec­
tional mixing three centimeters downstream from injection orifice* Infu-
Ill
Sion kinetic energies ms low as 10,000 produce significant hemolysis, 
according to Andres et (2)« Therefore in most cases local turbulence 
cannot be achieved in the brachial artery without production of signifi­
cant hemolysis* Does it follow then that improved arterial mixing cannot 
be achieved without hemolysis? Can arterial mixing be significantly im­
proved by jet infusions with kinetic energies below those producing tur­
bulence? Andres ct al. (2) discontinued use of the jet injector and did 
not invastigate these questions* In the present study, there is good evi­
dence jLs vitro and in vivo that r*d. and therafora arterial mixing are 
improved by the Jet injector in the absence of hemolysis*
Thus it is possible to improve arterial mixing with infusions 
which do not produce turbulence, so the improved mixing must be attributed 
to another mechanism* From the photographs of mixing in glass tubing, it 
appears that indicator is mixed by being spread across the laminae of flow. 
In other words rather than convarting laminar flow into turbulent flow, 
the injection system used in this present work appears to act by disperr 
sing indicator into the various laminae of flow*
Mixing
Mixing over tha entire vascular bed. For accurate calculation 
of blood flow there should be uniform cross-sectional distribution of indi­
cator upstream to the sampling site* This mixing may occur on either (or 
both) arterial or venous sides of the limb vascular bed* Andres et al.(2) 
accepted as evidence that mixing had occurred similar indicator concen­
trations in blood from the two sampled veins* This was represented as 
r.d. of a low value. It is of interest to consider the significance of
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the r.d, theoretically and in light of the findings of Andres et al. 
and the present work. A simplified approach would be to assume that the 
two veins sampled drain two distinct circulations, in which there is no 
mixing after bifurcation of brachial artery* Let us also assume that one 
circulation is solely supplied by the radial artery and the other solely 
by the ulnar artery* Given this situation, it may be calculated that the 
division of blood between the radial and ulnar arteries is a more impor­
tant influence on accuracy of calculated flow than is the degree of mix­
ing in the brachial artery, indicated by the magnitude of r*d* Indeed, 
if brachial arterial blood were evenly divided between the radial and 
ulnar arteries, flow would be accurately calculated even if there were 
no mixing prior to bifurcation and r*d. were as great as 100 per cent*
If the division were forty and sixty per cent, flow would be calculated 
to within 10 per cent of actual flow if there were only 50 per cent mix­
ing prior to bifurcation (r*d* ^ 49 per cent). Similarly for divisions 
of 30%-70%, 20%-80%, 10%-90%, and 0%-100% flow would be accurately calcu­
lated to within 10% if there were at least 75%, 83%, 87%, and 90% mixing 
respectively* Corresponding r*d,'s would be < 25%, 17%, 13%, and 10% 
respectively* The relationship is logarithmic and suggests that even in 
the human upper extremity, where the above assumptions do not hold, dis­
tribution of flow between the radial and ulnar arteries is probably as 
important a determinant of the accuracy of calculated flow as is the 
magnitude of r.d* It follows, then, that any vasoactive agent which 
changes the distribution of brachial arterial blood may change the accura­
cy of calculated flow, even if the value of r.d* remains constant. How­
ever, it seems unlikely that distribution of brachial arterial flow would
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b* rendered more disproportionate than 30%-70%. Therefore It Is prob­
able that if the value of r.d, remains equal to or less than 25 per cent, 
calculated flow lies within —  10 per cent of actual flow.
The degree of mixing of Indicator upstream to site of venous 
sampling Is the major determinant of the magnitude of r.d. In this pre­
sent project r.d, always Increased in magnitude when Indicator was Infu­
sed Into the radial artery rather than the brachial artery. In addition, 
in the present study, use of the jet Injector resulted In decrease In the 
value of r.d. In both dogs and man over that value found using a standard 
needle. This result Is In contrast to that of Andres et al..who found no 
change during use of the jet Injector. However, the veins sampled In the 
present study (cephalic and basilic) are different from those sampled In 
the study of Andres et al. (cephalic and brachial), and the study of 
Andres et al. excluded the hand, whereas the present study Includes the 
hand. It Is of Interest to note that Andres et al., similar to the pre­
sent study, found that their jet Injector decreased the magnitude of r.d. 
if the hand was Included In the circulation.
Andres et al. (2) concluded that an m.r.d. of twenty per cent 
or greater Indicated that the Indicator concentrations In the two sampled 
veins arose from different populations and discarded such data. However, 
their statistical analysis Is questionable, and In Dog IJ, of the present 
stu^, r.d. exceeded twenty per cent and yet the calculated flows agreed 
well with the actual flows. Rather than rejecting calculated flows If 
the r.d. Is above a certain arbitrary value, perhaps -a more reasonable 
approach would be to consider the r.d. as an Index of confidence limits 
for each calculated flow.
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The negnltudt of r.d, significemtly changes during some vaso­
active infusions. It might be expected that an increase in brachial ar­
terial blood flow velocity caused by vasodilation would decrease time 
available for mixing of indicator with blood upstream to artery bifurca­
tion. This should increase the magnitude of r.d. On the other hand 
vasoconstrictor agents Should decrease r.d.by increasing mixing time. 
However, in the present study, hypotonic sodium chloride solution de­
creased blood flow, but the magnitude of m.r.d. increased. Epinephrine 
0.025 g. per minute caused no significant change in blood flow but did 
significantly change the magnitude of r.d. Finally, in Table 17, there 
was no correlation between isagnitude of blood flow and magnitude of r.d. 
In view of these data, changes in brachial arterial blood flow velocity 
within the limits observed probably do not significantly affect the 
magnitude of r.d.
Another variable which might affect the magnitude of r.d. during 
vasoactive infusions would be a temporary state of instability in venous 
indicator concentrations. If the two veins observed drained systems 
with greatly different mean transit times, the new steady state of indi­
cator concentration would be achieved earlier in one vein then in the 
other. It is of interest that as noted in Table 23, if only the fifteen 
minute sanqples are considered during infusion of magnesium sulfate, there 
is no significant change in r.d. This finding would be evidence that in 
the case of magnesium sulfate infusion the change in r.d. may represent 
a temporarily instable state. The some finding is not present during 
the hypotonic infusion; however, it is possible that a steady state had 
not been reached even at fifteen minutes during this particular infusion.
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Baltzan et (4) reported that a new steady state had usually been 
achieved after the tenth minute during an infusion of epinephrine, but 
this may not necessarily be true for other vasoactive agents. Indeed, 
the data in the present work for both magnesium sulfate and hypotonic 
sodium chloride solution suggest that in most subjects a really satis­
factory steady state had not even been reached at fifteen minutes. How­
ever, infusions of vasoactive agents for periods longer than fifteen 
minutes is impractical for several reasons. First, spontaneous resistance 
changes over that period of time would tend to obscure changes due to the 
vasoactive agent. Second, systemic increments of the vasoactive agent 
might become significant during an infusion of longer duration.
Vasoactive agents may also change r.d. by in some way influenc­
ing the magnitude of mixing in the capillary-venous portions of the limb 
bed. This might be effected by opening or closing arterio-venous shunts 
or by diverting more or less blood into portions of the bed which have a 
greater number of venous anastomoses. There is no data in the present 
study which would support or deny this possibility.
Choice of the veins to be sampled is important. Andres et al.
(2) sanq)led one vein draining the deep circulation and one the super­
ficial, regardless of location of the veins in the forearm. In contrast, 
in the present study both veins sampled probably drain the superficial 
circulation, but they are located on opposite sides of the arm, the 
cephalic on the radial, and the basilic on the ulnar. The findings in 
subject R.M.T. and others that the radial artery solely or mainly supplies 
the cephalic vein suggests that the choice of veins in the present study 
was correct. However, it would be of interest to sample simultaneously
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a third vein, draining the deep circulation.
Mixing on the arterial aide of the bed. Data in subject A.L.-2 
presented in Table 14 of the present study indicates that r.d. may be 
less than twenty per cent even if there is negligible mixing on the arte­
rial side of the circulation. Thus the degree of mixing measured at the 
venous sampling sites is only a qualitative index of the amount of arte­
rial mixing. Measurement of the degree of arterial mixing is necessary 
to the conclusion that vasoactive agent is uniformly distributed to the 
arteriolar bed. Sampling of brachial arterial blood is not helpful.
Direct sampling of radial arterial blood is a better index of arterial 
mixing, but even here there are theoretical and practical problems.
These may be divided into factors tending to cause flow calculated from 
radial arterial indicator concentrations to be erroneously high, factors 
tending to cause it to be "erroneously" low, and those factors which 
could cause errors in either direction. In the former category would be 
the "distance-distortion error" of Cropp and Burton (15) which could 
have a magnitude as great as 22,6 per cent. Also in this category would 
be errors caused by rapid withdrawal of radial arterial blood (increas­
ing brachial arterial flow and decreasing indicator concentration). In 
the present experiments blood was rarely withdrawn from the radial artery 
at rates faster than four ml. per minute, but sometimes there was signif­
icant bleeding from the indwelling needle before the stylus could be 
reinserted. Although the total error would probably not increase brachial 
arterial flow by more than six or seven ml. per minute, this could de­
crease radial arterial indicator concentration by as much as thirty three 
per cent at low flow rates. One factor would tend to cause flow calcu­
117
lated from radial arterial indicator concentrations to appear erroneous­
ly low, failure to adjust recirculation concentration for time intercept. 
The equation proposed by Andres et al. (2) for calculation of blood flow 
subtracts an increment from recirculation concentration to take into ac­
count circulation time through the limb. Actually, however, Andres et 
al. neglected this correcting factor, and also in the present study this 
correction was not made. Baltzan et al, (4) point out that during rest­
ing flow mean forearm circulation time is approximately 2.3 minutes. 
Correction for this time increment would decrease calculated resting blood 
flow by two to six per cent. However, in order to correct recirculation 
concentration for this factor It would be necessary to measure steady 
state mean circulation time during each infusion. In the case of vaso­
dilator infusions, where mean circulation time decreases, the correction 
factor would be smaller, but in cases of vasoconstrictor infusions, the 
correction factor could be large. Neglect of this factor tends to cause 
over-estimation of actual flow and might help to explain why some flows 
calculated on the basis of radial arterial concentrations of indicator 
appeared erroneously low, especially if total blood flow was low.
Factors tending to cause errors in either direction would in­
clude poor arterial mixing of indicator and failure to establish a 
steady state of venous indicator concentrations during vasoactive in­
fusions. In view of these considerations. Table 25 presents means of 
measurements during resting flow from Table 17 and compares direction of 
significant difference between radial arterial and venous indicator con­
centrations with magnitude of r.d,, and index of mixing, and with mag­
nitude of total blood flow, an index of error due to failure to correct
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TABLE 25
COMPARISON OF DIFFERENCE IN INDICATOR CONCENTRATION BETWEEN RADIAL ARTERY 
AND VEINS WITH TOTAL BLOOD FLOW AND WITH RELATIVE DIFFERENCE (r.d.)
Total Blood Flow ml./nln.
Indicator Concentration RA Indicator Concentration RA
> 8 V + C V  by 5% < +  CV by 5%2
X —  S.E. 82.5 i 20,9 94.3 - 29.1
P >0.5*
r.d. X BV va. CV
Indicator Concentration RA Indicator Concentration RA
by 5% < BV + CV by 5%




for time intercept, (The letter error should be greater at lower blood 
flows,) There is no significant correlation with either variable. In 
addition, as presented in Table 17, vasoconstriction was accompanied on 
the average by decreased radial arterial indicator concentrations (ad­
justed) relative to mean venous concentration (adjusted). This result 
is opposite to that to be expected from failure to adjust recirculation 
concentrations for time intercept. In conclusion, failure of radial 
arterial and mean venous indicator concentrations to be similar remains 
unexplained, and the evidence suggests that sampling of radial arterial 
blood gives only a qualitative indication of degree of arterial mixing 
of indicator. In addition, even in cases where there is a small differ­
ence between arterial and venous indicator concentrations such as subject 
W.C.W,, Table 17, this may be caused by fortuitous balancing of factors 
tending to cause high or low radial arterial concentration. Perhaps, 
then, the best evidence that arterial mixing is improved by the present 
technique is presented in the photographs of indicator mixing in the glass 
tubing.
Measurement of Resting Upper Extremity Vascular Resistance in Hypertension 
Observation that no increase in extremity vascular resistance 
is present in mild hypertension but that a significant increase is pro­
bably present in more severe hypertension confines the findings of Brod 
et al, (10), using venous occlusion plethysmography.
Use of the Technieue for Measurement of Responses to Vasoactive Agents 
Use of this technique to determine vascular response to angio­
tensin confirms previous work indicating that this agent causes net
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vasoconstriction. Data in the case of epinephrine are not clear cut 
and allow no conclusions. The data indicate that magnesium sulfate 
causes net dilation and hypotonic sodium chloride solution net in­
crease in resistance of the upper extremity vascular bed in man. There 
is a trend toward positive correlation between magnitude of response to 
magnesium sulfate and initial vascular resistance level, as shown in 
Figure 28.
Errors in the Technique 
The major disadvantage of the technique used to measure blood 
flow presented in this paper is its cumbersomeness. The technique re­
quires three arterial and at least two venous punctures, A waiting 
period of at least thirty minutes following insertion of needles is 
required to establish a steady state. Each pair of vasoactive and con­
trol infusions requires a period of thirty minutes. A pause of at least 
thirty minutes is required after a vasoactive infusion, to reestablish 
resting flows. Taken together, study of the effects of two vasoactive 
infusions in one subject requires a period of from two and one-half to 
three hours. This is a long time for a subject to remain quietly on his 
back, confortable and cooperative.
Loss of Indicator 
Because indicator infusions are made through a stopcock tubing 
arrangement at quite high pressures, there is always the possibility of 
indicator leakage and loss. In order to detect and prevent such loss, 
the system is closely observed during the procedure. Indicator may also 
be lost due to shunting around the elbow. Evidence for this factor has
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been found in three subjects. For this reason the brachial arterial 
puncture is made as far distal in the forearm as practical. Finally, 
indicator m ay be lost if is dissociated from albumin in the infu- 
sata. The aumufacturer states that RIHSÂ dissociates less than one per 
cent before expiration date, so the magnitude of this loss is probably 
small.
Hemolysis
Complete occlusion of one orifice of the Jet injector would 
cause the kinetic energy of infusion to rise to a level which might 
cause hemolysis. Occluding of the orifices is prevented by using a fil­
ter in series with the needle, by maintaining a flow of heparinized 
isotonic soldium chloride solution during pauses, and by monitoring in­
fusion pressures (doubling of infusion pressure would indicate occlu­
sion of one orifice and a four fold increase in kinetic energy of infu­
sion)» The patency of the needle is carefully checked before and after 
each procedure*
Viscosity Changes 
Because the volume rate of the infusions is eight ml* per min­
ute, infusate may make up as much as thirty three per cent of total 
forelimb blood flow during infusion of vasoconstrictor agents. This 
would result in a dilution of hematocrit by thirty three per cent and 
a fall in viscosity and resistance, In subjects with hematocrit within 
normal range, the change in resistance would be considerably less tkaa 
thirty three per cent but still significant. In the ease of agents 
which cause vasodilation, viscosity changes would probably not be sig­
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nificant. It would be possible to correct calculated resistance changes 
for this dllutlonal effect, but Instead a new jet Injector needle with 
smaller orifices, which requires less than three ml, per minute Infusion 
rate and delivers Infusate of similar kinetic energies Is being tested.
Adjustment of Recirculation Concentration for Time Intercept 
(This error was discussed above.)
Establishment of Steady State Conditions 
Baltzan et al. (4) point out that It Is often necessary to wait 
as much as sixty minutes after Infusion of epinephrine to reestablish 
control level of resistance. In the present study, resistance approxi­
mated control levels after a pause of thirty minutes In most but not all 
cases. Unfortunately, It Is not known until after completion of the 
procedure, whether control levels of resistance have been reestablished. 
A monitoring system would be Ideal to establish the correct pause, and 
such a system Is being devised. However, It smiy be that Infusion of 
more than one vasoactive solution per subject will be laqprectlcal for 
this reason.
Protocol for Study of Vasoconstrictor Agents 
The above considerations suggest that experimental errors are 
of greater magnitude during vasoconstriction than during vasodilation. 
Infusion rates of vasoconstrictor agents which lower total extremity 
blood flow to less than forty ml. per minute would decrease hematocrit 
by more than twenty per cent and therefore should be avoided because of 
significant changes In blood viscosity. Mean transit time through the
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extremity vascular bed would increase to approximately five minutes if 
vasoconstriction decreased extremity blood flow to one-half of its rest­
ing value. Approximately three mean transit times or fifteen minutes 
would be required to establish the new steady state of venous indicator 
concentration, and return to resting levels of vascular resistance would 
also be slow. In addition, the error caused by failure to adjust re­
circulation concentration for time increment could be as great as twenty 
per cent during vasoconstriction that reduced extremity blood flow to 
one-half its resting value.
In contrast, during vasodilation, viscosity changes caused by 
infusate would decrease. In addition, if flow doubled, the new steady 
state would be achieved in as little as three minutes and the error 
caused by failure to adjust recirculation concentration would decrease 
to one to three per cent. In view of these points, if two agents are 
to be studied in one subject, the vasodilator agent should be infused 
first. In addition vasoconstrictor agents should not reduce total flow 
to less than forty ml, per minute or one-half of resting value, and 
these infusions should be maintained for at least fifteen minutes.
CHÀPTE& V
SUMMARY AND CONCLUSIONS 
Th« upper extremity vascular bed of man is easily accessible 
for study of vascular physiology and pathophysiology. Measurement of 
list blood flow by a constant infusion indicator-dilution technique 
similar to that suggested by Andres et̂  al. (2), provides an advantage 
over other techniques: During study of regional responses to arterial
infusion of vasoactive agents, evidence of mixing of indicator suggests 
that vasoactive agent is also uniformly distributed throughout the limb 
vascular bed. The present work explores the concept that an injection 
system for brechial arterial infusions ausy be developed, which satis­
factorily mixes both indicator and vasoactive substances with brachial 
arterial blood and does not create hemolysis,
k  new jet injector needle was developed and tested to vitro to
glass tubing and in vivo in the Itobs of dogs and men. Constant infus­
ions of indicator and vasoactive agents were made into the brachial ar­
tery, and cephalic and basilic venous blood was repeatedly sampled 
downstream for measurement of indicator concentrations. The degree of 
mixing was estimated by comparing concentrations of indicator in the 
paired venous sasqiles. The nman venous concentration adjusted for re­
circulation concentration was used in calculations of flow.
In vivo investigations to dog and man indicated that the dif-
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ferences between indicator concentrations in the paired venous samples 
were reduced by the jet injector over values obtained using a standard 
needle injector. In ten dogs, most calculated flows lay within - 10 per 
cent of actual flows over a wide range of actual flows. Jet infusion 
did not change limb vascular resistance in seven dogs, indicating that 
no significant hemolysis was produced. In man, intra-brachial arterial 
infusion of angiotensin, magnesium sulfate solution, and hypotonic sodi­
um chloride solution caused calculated limb blood flow to decrease, in­
crease, and decrease, respectively. Fifty subjects were studied with­
out significant morbidity.
Both ^  vitro and ^  vivo studies suggest that arterial mixing 
is improved by the jet injector in the absence of hemolysis. Satisfac­
tory mixing of vasoactive agents at the arteriolar level is of great 
liq>ortance in study of vasular responses. The mechanism of improved 
mixing is probably improved dispersion of infusate in the brachial ar­
terial blood rather than creation of local turbulent flow, Goflq>arison 
of actual with calculated flows indicates that calculated flows are 
quite accurate. In addition, the mean and range of resting flow measf 
uraments agree well with those found by others using venous occlusion 
plethysmography. New findings include evidence that the cephalic and 
basilic veins drain beds primarily perfused by radial and ulnar ar­
terial blood, respectively. The data indicate that magnesium sulfate 
and hypotonic sodium chloride solution cause net dilation and increased 
vascular resistance, respectively, in the upper extremity vascular bed 
of man. It is concluded that this technique is of value in study of 
the peripheral circulation in man.
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